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PREFACE 


The  purpose  of  this  meeting  is  to  review  the  current  knowledge,  methods  and  techniques 
available  to  evaluate  the  flow  pattern  at  design  and  off-design  conditions,  in  single  and  multi- 
stage turbomachines,  inside  and  outside  the  bladings,  along  the  meridional  surfaces,  concen- 
trating on  the  axisymmetric  approach. 

Papers  will  cover  the  methods  of  calculation  of  transonic  through  flow  and  their  numerical 
problems,  as  well  as  spanwise  and  end  loss  distribution;  there  will  also  be  a detailed  review 
of  a few  particular  methods  regarding  accuracy,  time,  cost  and  comparison  with  experimental 
data. 

The  meeting  will  be  concluded  by  a round  table  discussion  concerning  the  advantages  and  dis- 
advantages of  the  various  approaches,  from  both  technical  and  practical  aspects. 


AVANT  PROPOS 


Cette  reunion  a pour  but  de  passer  en  revue  Ies  connaissances,  methodes  et  techniques 
dont  on  dispose  3 1’heure  actuelle  pour  evaluer  le  schema  d’ecoulement,  dans  des  conditions 
nominales  ou  non,  des  turbomachines  a un  seul  ou  plusieurs  etages,  tant  a l’interieur  qu’a 
1’exterieur  des  aubages  et  le  long  des  surfaces  rneridiennes;  l’accent  sera  mis  en  particulier  sur 
Ies  methodes  symetrie  axiale. 

Les  conferences  presentees  traiteront  des  methodes  de  calcul  utilisees  pour  l’analyse  globale 
des  ecoulements  transsoniques  et  la  resolution  de  problemes  numeriqu^s  qu’ils  posent,  ainsi  que 
de  la  repartition  des  pertes  dans  le  sens  de  l’envergure  et  aux  extremity.  11  ser  egalement 
procede  a un  examen  detaille  de  quelques  methodes  particuiieres  relatives  a la  precision,  a la 
duree  et  au  prix  de  revient.  Des  comparaisons  seront  etablies  avec  les  donnees  experimentales. 

La  reunion  sera  cloturee  par  une  “table  ronde”  sur  les  avantages  et  les  inconvenients  des 
diverses  methodes  d’approche  utilisees,  du  point  de  vue  technique  aussi  bien  que  pratique. 
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1,  INTRODUCTION 

This  meeting  was  certainly  timely  and  stimulating.  It  was  very  well  attended.  The  papt  s yiovided  a well  docu- 
mented state  of  the  art,  including  a rather  clear  and  unanimous  evaluation  of  the  mam  short  cc  ring  of  the  methods 
at  Land,  and  of  the  most  urgent  points  for  improvement.  For  some  of  those,  the  availability  of  a useful,  but  not 
fully  experted  tool,  e.g.,  numerical  methods,  was  pointed  out  The  practice  in  industry  and  its  requirements  were 
clearly  defined. 

The  practical  exercise  of  comparison  between  measured  and  calculated  data,  if  not  perfect,  provided  useful 
information  on  the  practical  difficulties  in  both  obtaining  sufficiently  good  experimental  data  and  using  rather 
sophisticated,  but  relatively  poorly  flexible  computer  programs. 

The  exercise  could  have  been  more  profitable  if  it  had  provided  separate  checks  on  the  characteristics  of  the 
computer  programs  and  on  the  validity  of  the  correlations  used. 

A part  of  its  post-meeting  usefulness,  1 e , that  providing  rferencc  to  well  documented  cases  for  calibrating  the 
computing  method,  was  diminished  as  permission  for  publication  at  large  of  the  geometric  data  was  refused  in  3 cases 
out  of  5 by  the  authorities  who  sponsored  the  research  programs  in  the  organisations  which  provided  the  test  cases. 

The  meeting  was  very  lively  and  the  discussions  were  enlightening. 

In  what  follows,  we  will  try  to  expiess  the  conclusions  that  can  be  drawn  from  the  meeting,  and  to  suggest 
future  course  of  action. 


I.  DUCT  AND  THROUGH-FLOW  METHODS.  SOLUTION  OF  THE 

INVISCID  MERIDIONAL  FLOW  EQUATIONS 

The  use  of  degenerated  S-2  surfaces  of  Wu  assuming  either  an  axisymmetric  or  a pitch-averaged  flow,  and 
negiecting  the  viscous  terms,  but  introducing  enthalpy  and  entropy  variations  produced  by  the  bladings,  either  as 
axial  discontinuities  (duct  flow  calculation)  or  at  one  or  several  stations  inside  the  blading  (through-flow  calculation) 
has  led,  in  the  past  two  years,  to  the  design  of  quite  successful  turbines  and  compressors.  Although  this  model  does 
not  represent  entirely  the  physics  of  the  flow  (e.g.,  row  interaction  or  inter  streamline  energy  migration,  for  instance) 
when  the  inviscid  flow  calculations  are  coupled  with  sets  of  coherent  correlation  for  losses  and  turning,  design  and 
analysis  ot  compressors  and  turbines  can  be  performtd  ~elativc!>  successfully,  at  least  on  a comparative  basis. 

The  test  cases  presented  during  this  meeting  have  shown  that,  especially  for  compressors,  the  performance  map 
could  not  be  reproduced  accuntely,  nor  cenain  local  flow  characteristics.  The  differences  are  imputed,  for  a part  to 
the  limitation  of  the  correlations,  and  for  an  other,  to  the  simplification  introduced  in  specifying  the  model. 

However,  the  model  will  remain  as  a very  useful  tool  in  the  future,  as  the  calculation  t.mes  required  are  of  the 
light  order  for  systematic  industrial  and  research  use,  when  using  contemporary  digital  computers. 
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1.1  Calculations  Schemes 

The  calculations  schemes  available,  i.e.,-  the  streamline  curvature  methods  and  the  matrix  inversion  schemes  using 
either  finite  difference  or  finite  element0  seem  to  have  reached  their  maturity  and  to  need  only  minor  improvements. 

None  of  these  seems  to  have  an  overwhelming  advantage  over  the  others.  The  streamline  curvature  approach 
might  be  somewhat  easier  to  incorporate  the  manufacturer’s  practical  experience,  while  the  matrix  inversion  offers 
much  better  possibilities  of  extension  to  three-dimensional  and  quasi-three-dimcnsional  calculations. 

This  is  especially  true  for  the  finite  element  approach,  whien  allows  a good  description  of  complicated  geometries, 
and  gives  less  convergence  problems,  at  the  expense  of  a larger  requirement  on  memory  size,  but  which  is  well  within 
the  realm  of  current  computers. 

Most  Of  the  computer  programs  in  existence,  except  the  most  recent  ones,  seem  specialized  (i.e.  turbine  or 
compressor,  analysis  or  design)  which  is  not  bad  in  itself.  However,  the  current  need  for  detailed  off-design  analysis 
seems  to  require  an  effort  in  improving  the  flexibility  of  data  input.  Data  preparation  is  :n  many  cases  the  most 
tedious  and  sometimes  expensive  part  in  the  use  of  the  computer  program,  as  witnessed  in  the  present  exercise. 

1.2  Duct  Flow  Versus  Through-Flow 

The  test  cases  have  shown  no  significant  advantages  of  through-flow  method  versus  the  duet  flow  ones,  in  the 
accuracy  of  prediction. 

However,  as  pointed  out  by  several  of  the  authors,  the  duct  flow  approach  is  absolutely  necessary  for  the  cases 
where  large  change  of  radius  of  the  streamline  occurs,  i.e.,.  for  machines  using  big  bladings,  or  when  non  radial  blades 
are  selected. 

This  is  true  for  design,  where  a knowledge  of  the  flow  path,  even  approximate,  allows  for  a better  blading  opti- 
mization, or  at  off-design  where  the  effective  geometry  of  the  blading,  as  seen  by  the  flow  changes  considerably  with 
the  flow  rate  (from  convergent  to  convergent-divergent  in  large  steam  turbines,  for  instance),  affecting  the  Mad** 
performance 

II.  DUCT  AND  THROUGH-FLOW  METHODS.  BLADE  AND  END  WALL  EFFECTS 

The  blade  effects,  i.e.,  change  of  entropy,  of  energy  and  flow  direction  are  taken  into  account  by  correlations 
on  losses  and  turning  In  the  design  cases,  the  blades  aie  also  selected  mostly  on  the  basis  of  correlation. 

Usually,,  each  company  has  its  own  brand  of  correlation.  None  of  those,  excepi  in  one  turbine  calculation  case, 
were  described  dui.ag  the  meeting. 

For  the  published  computation  method,  in  the  compressor  field,  the  basis  is  the  NACA-correlation,  which  is 
essentially  made  for  design  purposes,  complemented  by  elementary  corrections,  for  compressibility  effects,  including 
shock  losses,  axial  velocity  ratio,  and  secondary  losses.  No  correction  is  made  for  the  effect  of  secondary  flows  on 
deviation  A separate  correction  is  usually  made  for  hub  and  casing  boundary  layer  blockage. 

For  turbine,  classical  correlations,  like  Ainley,  Dunham-Came,  Soderberg  or  Traupel  are  used,  usually  on  a mean 
radius  basis  Mosts  of  those  experimental  correlations  include  implicitly  or  explicitly  secondary  flow  effects 

The  results  obtained  by  the  calculation  methods  are  heavily  conditioned  by  the  quality  of  the  blade  correlation 
methods,  and  their  coherence  with  the  flow  model  selected  for  the  compilation. 

It  is  the  general  experience  that  the  correlations  existing  are  valid  for  a limited  number  of  machine  geometries. 
For  instance,  the  performance  prediction  method  of  one  manufacturer  is  quite  satisfactory  for  it:  own  machine,  but 
not  so  when  applied  to  machines  built  by  another  on**. 

Correlations  for  blade  and  end  wall  are  thus  still  rather  unsatisfactory,  and  the  largest  improvement  to  be  expec- 
ted for  the  meridional  flow  model  will  come  from  improvement  on  those  correlations,  whose  form  should  be  more  or 
less  maintained,  but  with  a much  broader  range  of  validity. 


II.  1 Improvement  of  Blade  Section  Performance  Prediction 

As  expressed  by  members  of  the  round  table  panel,  it  seems  that  in  view  of  the  number  of  variables,  the 
difficulty  of  controlling  all  the  variables  in  the  compressible  flow  range,  the  specialisation  of  the  blading  in  that  range, 
and  the  relatively  qualitative  nature  of  the  information  obtained,  the  improvement  cannot  be  obtained  only  by 
systematic  rectilinear  or  annular  cascade  tests  programs. 
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A combination  of  carefully  carried  out  tests  and  of  the  systematic  use  of  the  numerical  techniques  of  computation 
available  (compressible  singularity  methods,  finite  difference  and  fast  time  marching  method,  plus  boundary  layer 
correction  possible  and  achieved  even  with  shock  interaction)  could  provide  the  type  of  information  requested  for 
the  unseparated  or  moderately  separated  flow  cases.  Notwithstanding  their  imperfections,  the  computing  methods 
allow  the  control  of  the  conditions,  incorporate  the  two-dimensional  axial  velocity  ratio  effects,  as  v ell  as  those  of 
change  of  radius  m fixed  and  rotating  bladings,  and  allow  for  at  least  relative  prediction  of  the  ovi  rail  and  local 
characteristics,  the  latter  needed  for  the  application  of  the  through-flow  scheme. 

By  this,  it  is  not  suggested  that  those  numerical  computation  methods  be  incorporated  as  subroutines  in  the  meri- 
dional flow  programs,  but  that  they  be  used  in  conjunction  with  carefully  selected  cascade  and  machine  tests  which 
remain  indispensable,  to  provide  relatively  simple  correlations,  to  be  used  in  the  duct  and  through-flow  calculations. 

This  type  of  program  could  be  initiated  on  classical  families  of  blading,  to  conform  the  validity  of  the  approach. 
This  would  require  a cooperative  effort  that  a number  of  the  participants  to  the  meeting  are  ready  to  undertake,  pre- 
ferably under  AGA  RD  auspices.  Detailed  proposals  are  being  prepared  for  submission  to  the  PEP. 

Efforts  of  development  of  the  methods  for  the  separated  cases  have  of  course  to  be  undertaken,  and  the  existing 
one  can  only  fill  in  part  of  the  gap. 

II.  2 End  Wall  Leakage  and  Secondary  Flow  Corrections 

The  end  wall  leakage  and  secondary  flow  corrections  are,  for  a large  number  of  cases,  as  important  as  the  blade 
section  performance  (need  for  blockage  and  additional  loss  correction,  for  instance).  The  available  correlations  are  not 
satisfactory  again,  and  the  angle  corrections  are  practically  neglected  up  to  now,  although  they  can  be  important  and 
affect  an  important  part  of  the  flow,  beyond  that  influenced  at  the  loss  point  of  view. 

The  physics  of  the  related  phenomenon  are  not  entirely  understood,  for  the  machine  case  and  even  for  the 
simpler  straight  01  annular  cascade. 

This  was  realised  a few  years  ago,  and  an  array  of  experiments  aimed  at  identifying  the  flow  mechanisms  are  being 
earned  out  in  the  USA.,  and  in  Europe,  making  use  of  classical  instrumentation  (pressure  directional  probes  and  hot 
wire)  laser  velocimetry  and  flow  visualisation,  and  scrutinizing  the  flow  throughout  the  whole  blade  passage.  The  PEP 
is  organizing  a technical  meeting  on  the  subject  in  the  Spring  of  1977. 

This  meeting  should  provide  useful  guidance  for  future  efforts. 

As  mentioned  during  the  meeting,  there  are  now  broadly  two  approaches,  one  of  correction  of  the  basic  flow 
(loss  correction,  and  non-viseid  clearance  and  secondary  flow  effects  on  angle)  and  the  pseudo-boundary  layer  approach 
based  on  the  work  of  Mellor.  In  our  view,  both  are  valid,  and  should  be  pursued. 

At  this  point  in  time,  it  would  seem  possible  to  attempt  an  angle  correction  based  on  the  mviscid  calculation 
existing,  as  described  by  Marsh,  for  instance,  but  which  must  be  extended  to  twisted  bladings.  This  is  in  progress  in 
various  research  groups,  and  a concerted  effort  seems  possible,  as  suggested  by  ,cveral  participants  to  the  meeting. 


III.  THREE-DIMENSIONAL  FLOW  APPROACH 

A limited,  but  very  important  effort  is  being  invested  in  the  investigation  of  the  three-dimensional  time  average 
flow  occurring  in  turbomachinery,  with  another,  maybe  too  small  one,  on  some  aspects  of  the  unsteady  Tows,  like 
the  wake  transmission. 

On  the  experimental  side,  the  laser  valocimeter  provides  the  first  really  workab'e  tool  for  a deeper  understanding 
of  what  happens,  as  typified  by  the  results  obtained  in  the  US.,  and  at  the  DFVLR,  the  latter  having  been  presented 
at  this  meeting. 

On  the  calculation  side,  two  approaches  arc  being  followed,  one  based  on  the  iterative  coupling  of  Wu’s  31  and 
S2  surface,  the  other  on  a direct  solution  of  the  three-dimensional  equation,  lnviscid  flows  only  are  considered. 

As  mentioned  during  the  meeting,  work  is  in  progress  mainly  in  the  US.,  and  Great  Britain,  and  tc  cur  knowiecige,  to 
a lesser  extent  on  the  continent.  The  presentation  of  Thompkins  indicates  whit  can  bo  ' 'Sieved,  and  the  cost  of 
calculation  although  very  large,  is  still  much  lower  in  money  and  time  than  tin  cost  of  the  equivalent  experiment. 

It  is  clear  however,  that  both  the  experiments  which  should  be  extended  to  multistage  machines  and  the  three- 
dimensional  calculations,  will  not  become  part  cf  the  industrial  and  analysis  system  in  the  foreseeable  future 

Both  the  experimental  and  numerical  approaches  must  be  considered  as  laboratory  tools  leading  to  a better 
qualitative  and  order  of  magnitude  understanding  of  the  flow,  which  should  lead  to  the  definition  of  lore  correct 
flow  models  whose  complexity  should  not  exceed  much  those  in  present  use,  if  they  have  to  be  of  piaciical  value 
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RESUME 

Le  probldme  du  calcul  de  l'ecoulement  dans  les  turbomachines  axiales  est  abordd  A partir  du 
module  der  surfaces  de  courant  S 1 et  S 2 de  C.  H.  WU,  combing  avec  l'introduction  des  effets  visqueux 
sous  forme  de  pertes  et  d'effets  de  ddplacement.  L'hypothfese  d'un  dcoulement  stationnaire  de  revolu- 
tion y est  gdneralement  admise  et  les  phenomdnes  visqueux  sont  limits s aux  parois  de  la  veine  et  des 
aubages.  Dans  ce  cadre  simplifid,  les  probldmes  suivants  sont  successivement  analyses  du  point  de 
vue  de  l'utilisateur  - Couplage  des  calculs  sur  les  surfaces  S 1 et  S 2. 

- Traitement  des  6coulements  transsoniques. 

- Schemas  de  pertes  et  d'angles  hors  adaptation. 

- Blocage  et  6coulements  secondaires. 

On  examine  ensuite,  dans  une  deuxidme  partie,  des  exemples  d'application  oi)  le  moddle  simplifid  peut 
Ctre  mis  en  defaut  : nageoires,  double-flux,  reintroductions  sur  les  parois  ou  sur  les  aubes,  distorsion, 
veines  fortement  convergentes  ou  divergentes  sur  turbomachines  chargees,  pompage  et  decollement 
tournant,  machines  haute  pression  oil  les  effets  visqueux  peuvent  s'dtendre  sur  toute  la  hauteur  de  veine. 

NOMENCLATURE 

jfe 

5 Epaisseur  de  ddplacement 

m Direction  mdridienne 

r,9,Z  Coordonnees  cylindriques 

F Fonctionadrodynamique  (equation  (1)) 

S1.S2  Surfaces  de  courant  (figure  2) 

V Vitesse  dens  le  systems  absolii 

w Vitesse  dans  le  systdme  relatif 

0(r,z)  Surface  S 2 particulidre 

n Fonction  dgale  k tg  f) 

P Angle  de  la  vitesse  relative  avec  le  plan  mdridien 

K Obstruction  des  aubages  ddfinie  par  l1  equation  A1  (8) 

t Temps 

w Vitesse  angulaire  de  rotation 

S Entropie 

H Enthalpie  totale 

h Enthalpie  statique 

T Temperature 

I = H-wrVo  Rothalpie 

X Deplacement  curvilingue  sur  une  Tgne  de  corn  ant 

q Quantite  de  chaleur  par  unite  de  mi  sse 

D Opdrateur  de  derivation  en  suivant  une  particule 

<t>  Terme  de  frottement  (equation  (8)) 

KD  Facteur  de  blocage 

N Normale  k la  surface  © 

Z Nombre  d‘ aubes 

e Epaisseui  des  aubes  dans  le  sens  pdriphdrique 

41  Fonction  de  courant. 

Indices 


I 

E 

i 

e 

r,e,z 

m 


Intrados 
Extrados 
Intdrieur  (moyeu) 

Extdrieur  (carter) 

Projections  sur  les  directions  r,0,z 
Projection  mdridienne. 


f £ 


* 


h 


jrzwD 
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MOD2LES  DE  CALCUL  DE  L'ECOULEMENT  DANS  LES  TURBOMACHINES  AXIALES 
narJ.M.  THIAVILLE  (SNECMA -FRANCE) 


INTRODUCTION 


La  conception  des  aubages  de  turbomachines  axiales  reste  encore  basde,  pour  de  nombreux 
projets,  sur  la  thdorie  des  dldments  d'aubes.  Chaque  aubage  est  constitud  d'un  empilage  sur  la  hauteur 
d'un  certain  nombre  de  coupes,  soit  prises  dans  des  catalogues  de  grilles,  soit  ddfinies  analytiquement 
par  des  mdthodes  de  type  "inverse-aube  k aube"  telles  que  celles  portdes  rdfdrences  [l]  et  [2]  . La 
liaison  entre  les  caractdristiques  adrodynamiques  des  diffdrentes  coupes  est  faite  par  un  calcul 
"d'dquilibre  radial".  Celui-ci  peut  £tre  simplifid  en  un  nombre  limitd  de  plans  hors  aubages  perpen- 
diculaires  k l'axe  de  la  machine  avec  introduction  ou  non  des  effets  de  courbure  des  lignes  de  courant 
(rdfdrences  [3]  , [4]  , [5]  ). 

Mais  les  performances  de  plus  en  plus  poussdes  des  turbomachines  modernes  ontincitd  les 
constructeurs  a faire  appel  k des  mdthodes  de  calcul  pdndtrant  jusqu'd  l'incdrieur  des  aubages  dont  une 
premidre  approximation  de  la  gdomdtrie  est  alors  ndcessaire.  Ces  mdthodes  sont  gdndralement  prd- 
sentdes  sous  l'appellation  anglaise  : "Through-Flow".  Elies  font  l'objet  du  prdsent  colloqce. 

Dans  le  cas  projet,  le  calcul  complet  n'a  pour  but  que  la  ddtermination,  pour  chaque  tube  de 
courant,  des  triangles  de  vitesses  on  amont  et  en  aval  de  chaque  grille,  agrdmentds  de  Involution  dans 
l'aube  de  la  hauteur  du  tube  de  courant  considdrd.  Des  essais  de  grilles  faisant  varier  ce  paramdtre 
ont,  en  effet,  mis  son  importance  en  dvidence  ( [6]  , [7J  ).  Le  calcul  est  en  gdndral  effectue  er.  un  seul 
point  de  fonctionnement  oil  le  ddbit,  le  taux  de  compression  (ou  le  travail  rdduit),  le  coefficient  de 
blocage  aux  parois  de  la  veine  sont  des  donndes.  Un  bondage  est  quelquefois  rdalisd  sur  les  pertes 
aprds  que  les  aubes  aient  dtd  ddfinies. 

Un  probldme  plus  ardu  est  posd  au  spdcialiste  par  le  calcul  d'analyse  dont  le  but  est  la  ddtermi- 
nation des  performances  et  du  champ  de  vitesses  dans  tout  le  domaine  de  fonctionnement  d'une  turbo- 
machine dont  la  gdomdtrie  est  seuie  fixee.  Dans  ce  cas  ii  est  nature!  que  les  utilisateurs  se  soient 
tournds  vers  des  moddles  d'dcoulement  sensiblement  basds  sur  les  mdmes  hypothdses  que  celles  du 
calcul  projet.  Ce  sont  ces  moddles  d'dcoulement  que  nous  tenterons  d'examiner  dans  l'dtude  qui  suit. 

I.MODELE  DE  BASE 

Le  probldme  d'ensemble  de  l'dcoulement  dans  une  turbomachine,  essentiellement  tridimension- 
nel,  visqueux,  instationnaire  et  limitd  k un  volume  de  formes  complexes  prdsentant  des  dchanges  avec 
l'extdrieur  est  divisd  artificiellement  en  un  certain  nombre  de  probldmes  plus  simples,  le  couplage 
entre  ceux-ci  dtant  effectud  sous  forme  directe  ou  itdrative.  Ce  partage  cartdsien  des  difficultds  a dtd 
rdsumd  dans  le  tableau  I. 

1.  Hypothdse  "couches  limites"  * 

La  richesse  de  l'hypothdse  co’-ones  limites,  ddmontrde  sur  les  profils  d'aile  ou  de  grilles,  a 

conduit  naturellement  les  spdcialistes  turbomachines 
c • d simplifier  les  dquations  de  Navier-Stokes  en  sup- 

^ Ol  OB  M ^ posant  que  les  effets  de  viscositd  et  de  conductivitd 

j 1 thermique  sont  limitds  d une  couche  mince  le  long 

I Calcul  non  visqueux.  des  parois  de  la  veine  et  des  profils.  Ce  moddle 

Vitesse  1 simplifie  dncrmdment  le  calcul  en  dehors  des  aubages 

j JJ" ' *'  11  y oil  l'dcoulement  peut  6tre  considdrd  sans  frottement 

t/f  jusqu'aux  parois  de  la  veine,  l'effet  de  couche  limite 

\ — y paridtale  dtant  pns  en  compte  dans  la  continuitd  du 
^ I vaieur  moyenne  ■f  V Z ddbit  par  le  classique  coefficient  de  blocage  Kd. 

^ Z Cette  mdthode  peut  d'ailleurs  Stre  modifide  faoile- 

Z j \ y.  ment  en  remplaqant  Kq  par  un  calcul  qui  s'arrdte 

Z I Profil  exact  \ p/  d une  distance  de  la  paroi  dgale  d l'dpaisseur  de  dd- 

y I y placement  de  la  couche  limite  (figure  1). 


Calcul  non  visqueux. 


Vaieur  moyenne/ 


Profil  exact 


y y,  Cette  dernidre  solution  permet  une  meilleure  prise 

y 'y  en  compte  de  l'effet  de  lissage  des  accidents  de  parois 

y Z par  la  couche  limite  (changements  de  pente  ou  de 

y Z courbure).  Elle  peut  cependant  poser  des  difficultds 

//  Z de  convergence  hors  adaptation,  lorsqu'il  y a ddcol- 

Z Z lement  par  exemple. 

z ^ 

y J Rayon  Z ^ A l'mtdrieur  des  aubages,  ^introduction  dans  l'dcou- 

MoveU  Carter  lement  Princ'lPal  de  l'effet  de  couche  limite  sur  les 

* profits  ddpend  naturellement  de  la  manidi  e dont  on 

moddlise  l'dcoulemem  tridimensionnel  non  visqueux. 
Fin  1 Fffptc  Hp  ifpnlarpmpnt  a la  narni  Dans  tous  les  cas  n est  ndcessaire  d'introduire  des 

Mg.1  _ tneis  ne  nepfecemeni  a la  paroi,  pertes  dans  le  caIcul  non  vi6queux  de  manifere  * 

respecter  le  bilan  d'dnergie. 
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tableau  I-Modele  de  calculs  d ecouiements  dans  les  turbomachines  _ 

Ecoulemen t dans  les  turhomachines : T ridimensionnel  .visqueux  _ instat  ionnaire 
Echanqes  de  chaleur  et  de  masse  avec  I'exterieur.  Equations  de  NAVIER-STOKES 


Etudes  thermiques 
et  a&rothermiques 


Ecoutement  tridimensionnel  _ visqueux 

adiabatique-  permanent  en  systeme  relatif . 

Ecoulement  tridimensionnel  Couches  visqueuses 

adiabatique -non  visqueux  parietales 

Surfaces  SI  Surfaces  S2 Ecouiements  timMoc 

bidimensionnel  bidimensionnel  [secondaires 

Sudan  Surface  Dsns  Ibs  [Hots  Non  ~ I . .. 

quelconque  Side  aubages  outages  visqueux  Visqueux  Bidimens.  Tridimens. 
bl  revolution  SZii  tvortexl I 


il  « 

•5*1  J 

H ta  cl 

SBC  ^ 


% S ° fig 
^ S II  £ = 
. _ E I A c 


§ § *5  $ U«|<D  >-lu  a>  S § 

jf  > S 'Ol'O  f'S|'0  j"1 

m.w  C3 < UJ 

r— ' ' 


Problemes 

instationnaires 


'Aspirations,  souff  lagei  Angles 


Echanges  thermique; 
Corrections  du 
schema  adiabatique 


Geometrie  de  la 
surface  S2 
moyenne 

Largeurde  la 
surface  S2 


Triangles  de 
vitesses 
Gradients  de 


SEpaisseur  des 
(tubes  de  courar 
SI 


Pertes 
secondaires 
Blocage  Kd 

Corrections 

d'angles 


Pertes  de  profils 

Ecart  flux  profit 
visqueux 

Obstruction 


)istorsion , pompage 
)ecolement  toumant 
Corrections  du 
ichema  stationnaire 


* Modele  Through-flow ' 
du  chapitre  I. 


Ce  point  particular  est  examine  dans  le  chapitre  II  (paragraphes  1-3  et  2-2),  On  peut  cependant  noter 
d£s  k present  que  l'dcoulement  principal  (hors  couches  limites)  est  consid6re  comme  laminaire,  sans 
forces  de  viscosity  ni  conduction  de  chaleur 

2.  Hypothfese  > ",  H,  WU  0 [8] 


L'6coulement  tridimensionnel  sans  frottement  est  lui-m6me  partage  en  deux  problfemes  tridimen- 
sionnels  . 

a - L'un  consiste  k considerer  les  surfaces  de  courant  g6n^r6es  par  des  particules  situ6es  sur  des 
cercles  centres  sur  l'axe.  Ces  surfaces  SI  dites  du  premier  ordre  sont  g4n6ralement  supposes  de 
revolution.  Cette  hypothese  peut  Stre  trds  restrictive  mais  il  semble  difficile  de  la  lever  sans  compliquer 
les  calculs,  L'intersection  de  chacune  de  ces  surfaces  avec  les  aubages  (figure  2)  definit  une  "grille" 
autour  de  laquelle  l'dcoulement  non  visqueux  puis  les  couches  limites  peuvent  8tre  calculus. 

Les  r6sultats  de  ces  calculs  * angle  de  sortie,  pertes  de  profil  effets.d'obstruction  (epaisseur  de 
ddplacement)  dans  le  sens  p£riph6rique  sont,  en  fait,  souvent  g*n£r6s  par  un  schema  ernpirique  beaucoup 
plus  souple  d'emploi  dans  le  calcul  complet  que  les  methodes  analytiques. 

En  effet  le  calcul  de  grilles  fait  appel  <\  des  methodes  tr&s  variables  selon.  les  conditions  de  l'6cou- 
lement  et  elles  ne  sont  pas  toutes  compatibles  * - Differences  finies  centr6es  ( [9]  ),  courbures  des 
lignes  de  courant,  methodes  de  singularity  ( [jo]  , Q lj  ) en  subsonique. 

- Methodes  pseudo-instationnaires  ( Q2J  , Q3]  , [l4]  ) ou  differences  finies 
excentr6es  ( [is]  , [l e]  ) en  transsonique. 

- Methode  des  caracterisliques  en  supersonique. 
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De  plus,  lee  calculs  de  couche  limita  q-ii  doL’ent  lui  6tre  associ6s  sont  quelquefois  iR3uffisants 
>ou.'  me  definition  correcte  des  pertos  hors  adaptation,  surtout  en  compresseur,  au  d6collement  ou  en 
presence  d’affets  intenses  de  compress'bilite,  Mfime  en  turbine  ces  calculs,  bien  que  plus  efficaces, 
n£ceasuent  souvert  des  a' out?  empiriques  ponr  tenir  cornpte,  par  exemple,  deu  effets  de  culot  (bord 
de  luitc  4pais)  et  des  interactions  choc -couche  Umi^e. 


Fig. 2 _ Exemples  de  surfaces  Si  et  S2  - 

b - L'autre  probl^me  bidimensionnel  qui  est  justement  & la  base  des  truvaux  de  ce  congrhs  consiste 
d effectuer  les  calculs  sur  des  surfaces  de  courant,  dites  du  deuxi£me  genre,  g£n6r6es  par  des  parti- 
cules  situ^es  sur  un  rayo.i  en  un  plan  perpendiculaire  & 1'axe  en  amont  ou  dans  la  ’-oue.  Deux  surfaces 
particuli£res  de  ce  type  sont  les  surfaces  extrados  et  intrados  des  aubes  (deplac6es  de  l'6paisseur  de 
d^placement  d6termin6e  sur  le  profil  par  le  calcul  dans  l'autre  sens), 

Leur  definition  apparait  clairement  figure  2.  L'hypothdse  (a)  pr6c£dente  de  surfaces  Si  de  revo- 
lution implique  que  l'on  peut  passer  d'une  surface  S2  a une  autre  par  simple  rotation  autour  de  l'axe  de 
la  machine  et  que  l'on  peut  done  se  contenter  d'effectuer  le  calcul  sur  une  seule  surface  S2  moyenne. 
Les  fonctions  a4rodynatniques  sont  alors  consid6r£es  sur  cette  surface  comme  moyenn6es  p£riph6ri- 
quement  en  9 . Des  exemples  de  m6thodes  de  ce  type  peuvent  Sire  trouv£s  en  QtJ  , Q 8]  , Qq]  et  [20j  . 
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Une  simplification  es:  souvont  utilise  -»ui  consists  A consid6rer  l'Scouleme.it  comme  enti&rement 
"axisymetrique"  c'est-d-dire  que  Ps  variations  en  0 des  mfimee  fonctions  sont  prises  nulies  ■:  -44-  = ® 
pour  tout  F.  Cette  hypothese,  piur  restrictive  oue  de  prentL"*  simplement  les  surfaces  SI  de  i evolution, 
suppose,  pour  le  calcui  e l'interieur  des  auhages,  P intro duet' on  de  forces  voiumiques  dans  les  equations 
de  quantity  de  mouvement  et  d'un  coefficient  d'obstruction  des  aubages  dans  1'enuation  de  continuity. 
Cette  simplification  n'est  possible  que  si  l'on  ne  cherche  pas,  dans  un  calcui  g6n£ral  de  1'ecoulement, 

& determiner  les  caractdristiques  a6rodynamiques  locules  sur  les  aubes  mais  si  l'on  cherche  simple- 
ment les  performances  g'obales  (debit,  pression,  rendement)  et  Ps  triangles  de  vitesses  en  amont  et 
en  aval  des  roues.  L'hypothese  axisymetrique  esc  cohdrente  avec  un  schema  de  p rtes  empirique  global 
mais  elle  ne  Vest  plus  si  le  schema  de  pertes  est  complete  au  point  de  tenir  compte  des  repartitions  de 
vitesse  locale  sur  les  aubes  ou  s'il  eat  rempJacd  par  une  methods  complete  ar.alytique  (calcui  aube-&- 
aube  et  couches  limites). 


Er  fait,  les  fonctions  consid6i'6es  (pression,  vitesses  etc. . . ) ont  une  allure  en  "dents  de  scie" 
en  0 avec  discontinuity  au  passage  des  aubes.  Lee  turbomachinistes  ont  l'habitude  oe  dire  que  le  fait 
de  corsiderer  Jeur  moyenne  en  0 avec  ( Pi '■  = 0 j suppose  un  nombre  infini  d'aubes,  les  termes 
ndgliges  ne  devenant  importants  que  pour  un  falble  nombre  de  pales.  En  fait,  des  1965,  L.  K,  SMITH  Jr. 
a montre  que  ces  termes  (fonctions  "G"  reference  JjL 7j  ) dependent  plus  precisement  de  la  charge. 


On  peut  demontrer  par  exemple  qu'a  charge  donnOe  la  difference  de  vitesse  entre  l'extrados  et 
l'intrados  tend  vers  zero  quand  le  nombre  d'aubes  tend  vers  l'infini  alors  que  la  d6riv6e  -4^-  sur  la 
surface  S2  tend  vers  une  valeur  non  nulle.  Un  cas  d'upolication  assez  frequent  en  aeronautique  ,>ecessite 
la  prise  en  compte  soil  des  composantes  de  la  force  volumique  F dans  les  aubages  soit  d'ur.e  valeur  non 
nulle  des  derivdes  -4 — des  different^  foncticus  calcuiees  sur  la  surface  S2  :• 

lls'aglt  ducas  des  aubes  pench6es  sohematisees 
figure  3 surtout  si  elles  sont  tr6s  vriiiees  (refe- 
rence 21).  Une  methode  simple  de  prise  en  compte 
de  ces  derivees  est  suggeree  en[22]  dans  le  cas 
d'une  methode  de  ccurbures. 


de 


Elle  consiste  it  lineariser  les  vauations  en  0 
intrados  et  extrados  sous  la  forme  •: 

(1) 


entre 


Moyeu 

V 

Section  frontaie  Section  meridienne 

Fig.  3_  Aubes  penchees  et  aubes  en  fleche. 

3.  Hypothese  stationnaire 


6F 

de 


Ft  -Fe 
01  - 0E 


Par  exemple,  pour  la  fonction  n = tg  p 
facilement  (voir  Annexe  1); 

dn  _ 1 dK 
dm 


on  obtient 


d0  K 

Ketsir  , etant  des  donnees  liees  & la  geometrie 
des  auces  (ou  au  calcui  dans  l'autre  sens,  sur  les 
surfaces  SI). 


Une  autre  hypothese  simplificatrice  consiste  a considerer  1’ecoulement  comme  permanent  dans 
le  mouvement  relatif.  Cette  simplification  n'est  pas  aussi  restrictive  que  celle  d'un  6coulement  complfe- 
tement  stationnaire.  Elle  conduit  a negliger  les  termes  -g-p-  dans  les  equations  du  mouvement 
ecrites  dans  un  systeme  de  reference  lie  au  rotor.  Mais  un  observateur  fixe  voit  tout  de  m<5me  recoup- 
ment sous  forme  instationnaire,  au  moins  dans  la  roue  mobile,  les  variations  en  fonction  du  temps  dans 
le  systeme  abaolu  etant  li6es  aux  gradients  tangentiels  dans  le  systeme  relatif  par  : 

(3) 


[JLLL] 
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U etant  la  vitesse  angulaire  de  rotation  du  rotor  qui  est  prise  constante. 


Physiquement,  l'hypothese  suppose  que  les  sillages  des  grilles  fixes  sont  amortis  lorsqu'on  entre 
dans  la  roue  mobile  et  que  les  sillages  des  grilles  mobiles  sont  amortis  lorsqu'on  entre  a Pint6rieur  de 
la  roue  fixe. 

En  resume,  le  modeie  retenu  repr6sente  un  fluide  adiabatique,  non  visqueux,  permanent  en  espace 
mobile,  calcuie  sur  une  surface  de  courant  "movenne"  do  type  S2  de  CH.  WC.  LPcoulement  peut  etre 
rotationnel  ; l'enthalpie  totale  et  l'entropie  peuvent  varier  d'un  point  4 un  autre.  Les  frottements  et  les 
ecculements  secondaires  y sont  introduits  sous  forme  de  pertes  et  d'effets  de  d6placements  determines 
par  un  schema  empirique  (voir  tahleau  1). 

II.  FORMULATION  ET  RESOLUTION 


Le  module  d'6coulement  etant  choisi,  les  deux  questions  q..i  ee  posent  ensuite  au  specialiste 
d6sireux  de  programmer  sur  ordinateur  et  d'appliquer  la  methode  de  calrul  & des  cas  concrets  sont  la 
formulation  et  la  methode  de  resolution. 
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1.  Formulation 


1,  1.  Calcul  Projet  et  Calcul  d1  Analyse 

Certains  termes  des  Equations  peuvent  6tre  ndgligeables  au  point  d'adaptation  et  ne  plus  l'fitre 
dans  1' ensemble  du  champ  de  caractdristiques.  On  pouvait  se  demander  si  des  simplifications  suppld- 
mentaires  n'dtaient  pas  souhaitables  dans  la  formulation  du  calcul  projet.  De  telles  simplifications 
dtaient  utilisdes  avec  succds  dans  les  anndes  50  alors  que  la  puissance  des  ordinateurs  ne  perrnettait 
pas  encore  un  traitement  efficace  du  moddle  exposd  ci-dessus.  La  provision  du  champ  de  performances 
dtait  alors  plus  ou  moins  confine  & un  empirisme  d'ailleurs  souvent  trds  efficace. 

Mais  les  recherches  rdcentes  sur  la  prevision  analytique  des  performances  nous  incitent  & sou- 
haiter  une  formulation  uniforme  de  manidre  & ce  que  les  deux  calculs  puissent  intervenir  l'un  sur 
l'aulre  de  fagon  cohdrente  •:  correction  du  projet  en  fonction  des  rdsultats  hors -adaptation  ou  ameliora- 
tion de  la  prdvision  hors -adaptation  par  "cadrage"  des  valeurs  projet. 

Dans  le  calcul  d'dcoulement  des  turbomachines,  sur  une  surface  de  type  S2,  on  peut  ddfirur,  & la 
manidre  des  calcuis  de  grilles,  deux  types  de  mdthode  s : 

- l'une,  dite  mdthode  irverse,  part  de  Devolution  des  vitesses,  ou  plus  prdcisdment  du  moment  cinetique 
rV0  donnd  le  long  de  la  surtace,  considdrde  pour  calculer  les  angles  done  la  gdomdtrie  de  cette 

surface. 

- l'autre,  dite  mdthode  diracte,  consiste  k calculer  les  vitesses  sur  la  surface  de  courant  en  partant 
des  angles  comme  donnde.  Pour  dviter  toute  confusion  entre  calcul  projet  - calcul  d'analyse  d'une  part 
et  mdthode  inverse  - mdthode  directe  d'autre  part  nous  pensens  qu'il  est  utile  d'insister  ici  sur  le 
point  qu'un  calcul  projet  peut  6tre  effectud  indiffdremment  avec  une  mdthode  inverse  ou  une  mdthode 
directe,  de  rndme  qu'un  calcul  de  performances  peut  dtre  mend  5 bien  par  une  mdthode  inverse  comme 
par  une  mdthode  directe.  Le  tableau  II  (suivant)  rdsume  cette  analyse. 

DONNEES  COMMUNES 

► Debit  et  regime  nominaux  _ Geometrie  de  veine 

Obstruction  des  aubaqes.Kp.  Pression  et  temperature  amont 


CALCUL  PROJET 


CALCUL  D ANALYSE 


Donnees  particulieres:  (point  nominal*  Donnees  particulieres 


Tauxde  compression  ^tane 
(ou  travail  reduit)  lpar  etag€ 
Rendements  par  grille 


Geometrie  complete  des  aubages 
Debit  des  differents  points  de  calcul 
et  regime 


Surfaces  St 
Calculi  couches  limites 
Ecoulements  secondaires 
ou  Schema  empirique 


Pertes 

et  angles  du  flux 
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j Methode  INVERSE  Methode  DIRECTE 
i — 1 Sortie: [Angles  Sortie-.iVitessesI  - 


Surfaces  SI 
Couches  limites 
Ecoulements  secondaires 
Resultats  empiriques 
ou  de  grilles 
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\ 
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AUBAGES 

Veine  definitive 


PERFORMANCES 

Taux  de  compression  (ou  detente) 

Travail . rendement 

pour  tous  les  points  du  champ 


Le  chemin  naturel  pour  le  calcul  projet  sst  l'utilisation  de  la  mdthcde  inverse,  trajet  (1-1)  mais 
la  methode  directe  est  possible,  trajet  (1-2)  avec  un?  boucle  iterative  sur  r Vg  . Le  chemin  naturel 
pour  le  calcul  d'analyse  est  la  methode  directe,  trajet  (2-1)  mais  on  peut  aussi  utiliser  la  methode 
inverse  avec  une  boucle  iterative  sur  les  angles. 

1.  2.  Problfemes  transsoniques 


Les  ecoulements  transsoniques,  pris  au  sens  general,  c'est-a-dire  oh  cohabitent  des  zones 
subsoniques  et  des  zones  supersomqucs,  oosent  surtout  des  problhmes  au  niveau  de  la  resolution  des 
Equations  (eliiptiques  ou  nypei  boliques  scion  les  zones).  Cependant  nous  pensons  qu’une  grande  partie 
des  cas  rencontres  par  l'industriel,  surtout  en  aeronautique,  peut  6tre  rdsolue  au  niveau  de  la  formu- 
lation mSrne,  du  moins  en  ce  qui  concerne  l'6coulement  non  visqueux.  En  effet,  on  peut  montrer 
( [a}  , [2?1  , [23]  ) que  .’’utilisation  d'une  iormula.Lon  de  type  "methode  inverse"  oh  r V®  est  pris 
comme  denude  ne  conduit  h une  mdetermination  que  si  la  composante  meridienne  du  nombre  de  Mach 
atteint  I'unitd.  D'oh  l'inter§t  de  ce  type  de  methode  pour  les  turbomachines  axiales  adronautiques  oh 
ce  terme  est  gdneralemenc  subsonique.  Ceei  ne  veut  d'ailleurs  pas  dire  que  le  probieme  du  passage 
d'une  zone  supersonique  k une  zone  subsonique  (chocs,  blocage)  se  trouve  "escamote"  h l'interieur  des 
aubages  mais  qu'il  est  plus  simplement  report*  sur  la  loi  de  rve  d’une  part,  le  schema  de  peries  et 
d’angles  d’autre  part. 

1.3  Introduction  des  pertes 


Dans  le  calcul  a l'interieur  des  aubages,  J.  H.  HORLOCK  24  a souleva  le  probieme,  d£s  1971, 
de  la  coherence  entre  les  equations  de  quantity  de  mouvement  d’une  part  et  1’ introduction  de  pertes 
done  de  variations  d’entropie  d’autre  part.  En  eifet  si  l’on  ecrit  l’equation  du  mouvement  sans  frotte- 
ments  (second  prtneipe  de  Newton)  et  que  l’on  suppose  le  mouvement  permanent  en  systhme  relatif, 
la  projection  de  cette  Equation  sur  la  vitesse  conduit  h 1’ equation  d’dnergie  : (4)  DI  - T PS 

no  Dt  “ Dt 

(-giJ  , derivation  par  rapport  au  temps  en  suivant  une  particuie  dans  son  mouvement. 

i = Ro.halpie  ddfinie  par  I = h + W5-W  (rVfi)  egale  a l’enthalpie  tctale  si  u = 0 ). 

2 

Or  l’hypothfese  du  module  - dcoulement  adiabatique  - permet  d’dcrire  par  application  du  premier 
principe  de  la  thermodynamique  : (5)  DH  = DW  + Dq  = D (wrVe) 

DW  est  le  travail  par  unite  de  masse  echange  par  une  particuie  avec  l’exterieur  lorsqu’tlle  se  deplace 
d’une  quantite  Dx  sur  sa  ligne  de  courant.  Dq  est  ia  quantite  de  chaleur  par  unite  de  masse  dchangde 
dans  les  mSmes  conditions  (ici  Dq  = 0 ).  Les  equations  (4)  et  (5)  indiquent  done  que  ni  la  rothalpie  I 

ni  l’entropie  S ne  peuvent  varier  le  long  d’une  ligne  de  courant. 

Comme  l’introduction  de  pertes  de  profil  sur  la  surface  S2  moyenne  suppose  que  l’entropia  varie 
sur  une  ligne  de  courant,  une  force  de  frottement  doi:  bier,  6tre  introduite  au  niveau  de  1’  equation  de 
quantite  de  mouvement.  II  est  prouve  que  ce  terme  demeure  faible  en  valeur  numdrique  lorsqu’on  reste 
\ux  alentours  de  1’ adaptation  oh  les  pertes  sont  par  definition  minimales.  II  semble  cependant  que  cer- 
tains ddboires  trouves  quelquefois  dans  l’introduction  des  pertes  hors -adaptation  et  mis  generalement 
sur  le  compte  d’un  mauvais  calibrage  du  schema  de  pertes  empirique,  puissent  Stre  dus  k une  sous- 
estimation  de  cet  effet  lorsque  ^augmentation  d’entropie  est  dlevde,  Des  cas  de  ce  type  sont  inevitables 
si  l’on  desire  decrire  analytiquement  l’er.semble  du  champ  de  performances  avec  une  methode  suffisam- 
ment  gene-ale  pour  supporter  des  phenomhnes  tels  que  oecollement,  ondes  de  choc,  etc.  . . 

Nous  avons  vdnfie  qu’une  force  de  frottement  opposee  k la  vitesse  peut  remplir  ce  rale  sar.s  trop 
compliquer  les  equations.  On  dcrit  ( [8]  , [22)  ) 1’ equation  de  quantite  de  mouvement  sous  la  forme  : 

(6)  Wa  (rot  V ) s grad  I - T grad  S + 0W 

oh  — <|>W  est  la  force  de  frottement  assimiiee  k un  terme  dissipatif.  En  projetant  (6)  sur  la  vitesse 
relative  W on  obtient  : 

(7)  W.  grad  I -W.T  grad  S = -0W2 

et  -01- - 0 par  (5)  entraine 

Dt  

(R)  q»  = X.  PS 

W2  Dt 

1.  4.  Echanges  de  chaleur 


Dans  le  cas  pa’  ,cu’ier  oh  les  echanges  de  chaleur  avec  l’exterieur  ne  sont  plus  negligeables 
( -bines  fortement  refroidies  par  exemple)  il  n’y  a pas  lieu  d’ajouter  de  termes  k l’equation  fondamen- 
tale  de  la  dynamique  mais  il  faut  alors  remarquer  que  la  rotalpie  I varie  sur  une  ligne  de  courant  car 
l’equation  (5)  n’est  plus  v6rifiee  ( Aq  ^0  ) ce  qui  modifie  I’dquation  (8)  sous  la  forme  : 
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(8)1  rt>  — T PS  _ 1 PI 
W2  Pt  w2  Dt 

ei  done  toute  la  formulation. 

Cependant  on  peut,  dans  la  plupart  des  eas,  considdrer  les  echanges  de  chaleur  due  au  refroidis- 
sement  des  aubes  et  des  parois  dans  une  turbine  comme  rdduits  aux  couches  limites  et  done  conserver 
le  module  de  base  non  visqueux  sans  conduction  et  introduire  dans  ce  rnoddle  les  >ffets  thermiques  si’~ 
l'entropie  comme  on  le  faisait  pour  les  partes. 

2.  RESOLUTION 

2.  1.  Fonction  de  courant  ou  courhures  : 

On  sait  que  les  methodes  de  resolution  du  systdme  de  4 equations  ddduit  de  (6)  et  de  l'equation  de 
continuite  consistent  en  general  k r6duire  le  probldme  k l'integration  d'une  equation  differentielle  unique. 
Elies  se  partagent  en  deux  families  selon  que  l'integration  est  effectude 

- en  somme  double  ser  une  surface  : methodes  utilisa it  les  d6rivees  de  la  fonction  de  courant  ou 

- en  integrale  curviligne  sur  une  ligne  quelconque,  la  gdometrie  des  lignes  de  courant  etant  fixde 
methodes  de  courbures.  La  premiere  famille  compor  e les  methodes  d'eiements  nnis  et  les  methodes 
ma^icielles,  dans  la  seconde  l'integration  peut  etre  effectude  sur  des  rayons  (dquilibre  radial)  ou  sur 
des  quasi-orthogonales  ou  encore  sur  l'intersection  de  la  surface  S2  par  des  plans  perpendiculaires  k 
1'axe  (aubes  penchdes  * figure  3). 

Dans  les  deux  cas,  le  maillage  reste  fixe  et  se  sont  soit  la  fonction  de  courant  soit  la  gdom6trie 
de  la  ligne  de  courant  qui  sont  retouchdes  au  cours  des  iterations  jusqu'oi  convergence  du  calcul.  II  est 
naturellement  possible  de  projeter  les  equations  sur  les  lignes  de  courant  elles-mfimes  et  leurs  nor- 
maies,  les  equations  obtenues  sont  alors  plus  simples  mais  on  doit  utiliser  un  maillage  variable  au 
cours  des  iterations  et  la  correction  est  plus  compliqude. 

Du  point  de  vue  de  l'utilisateur  (precision,  rapiditd,  facilitd  de  mise  en  oeuvre)  des  analyses  et 
des  comparaisons  entre  methodes  de  "courbure"  et  methodes  "fonction  de  courant"  ont  ddjii  dtd 
effectudes  ( [22]  , [23]  , [25]  ).  Aucun  des  deux  systdmes  ne  semble  avoir  d6finitivement  pris  le  pas 
sur  l'autre  et  il  est  souvent  difficile  de  comparer  deux  types  de  resolution  au  m6me  stade  de  sophisti- 
cation, eri  particulier  en  ce  qui  concerne  la  pondd ration  des  corrections  itdratr/es  et  ^introduction  du 
schdma  de  perte  et  d'angles.  Cette  concurrence  peut  etre  elle  mtme  gdndrat’-'ue  de  progrds  car  les 
spdcialistes  vont  encore  certainement  apporter  des  ameliorations  dans  l'une  et  l'autre  famille  de  reso- 
lution. Deux  remarques  peuvent  etre  faites  ici 

- La  premiere  est  que  l'historique  des  mdthodes  de  projet  chez  les  con6truuteurs  les  conduit  souvent  k 
ddvelopper  de  preference  une  mdthode  de  type  "courbures"  qui  leur  permet  de  faire  plus  facilement  la 
liaison  entre  les  methodes  modernes  analytiques  et  leur  experience  propre  des  performances  d'eiements 
d'aubes  corrigees  par  les  effets  d'interaction  entre  grilles  (reference  [2(f)  ). 

- La  seconce  est  que  les  methodes  faisant  appel  k la  fonction  de  courant  sont  peut  6tre  un  point  de  depart 
plus  riche  de  possibilites  pour  une  extension  vers  des  moddles  plus  compliques  (methodes  d'eiements 
finis  en  instationnaire,  methodes  tridimensionnelles,  etc. .. ).. 

2.  2.  Schemas  de  pertes 

II  n'entre  pas  non  plus  dans  le  cadre  de  ce  papier  d'etudier  dans  le  detail  les  schemas  de  pertes 
les  mieux  adaptes.  Chaque  specialiste  et  chaque  constructeur  a d'ailleurs  le  sien  propre  derive  de  son 
experience  et  applique  a ses  propres  exeinples.  La  plupart  des  auteurs  s'accordent  d'ailleurs  k dire 
que  le  schema  de  pertec  ct  d'angles  revet  une  grande  importance  dans  la  qualite  des  rdsultats  et  que 
m6me  un  bon  schema  peut  quelquefois  6viter  un®  trnp  grande  complication  de  la  formulation  de  base. 

Cependant  les  progrds  realises  dans  les  calculs  de  couches  limites  et  surtout  dans  la  determina- 
tion analytique  des  pertes,  des  angles  et  des  6paisseurs  de  ddplacement  dus  aux  dcoulements  secondaircs 

- [27]  , [28]  , [29]  , [30]  et  [3l]  - 

laissent  entrevoir  la  possibilite  de  remplacer  les  schemas  empiriques  gdndralement  utilises  par  un 
calcul  entierement  analytique  sur  surfaces  SI,  couches  limites  et  dcoulements  secondaires. 

2.  3.  Blocage 


Le  cas  du  blocage  pose  un  probldme  particulier.  En  effet  il  suppose  que  dans  certains  plans  de 
calcul  une  relation  suppldmentaire  (continuite  du  debit  bloqud)  relie  pertes  et  angles  et  les  deux  para- 
metres  ne  peuvent  plus  etre  introduits  sdpardment.  Dans  cas  des  turbines  supercritiques  cet  effet 
a lieu  4 la  sortie  des  aubages  alors  que  la  plupart  des  pertes  ont  ddjd  6t6  prises  en  compte.  On  peut 
done  souvent  sirr.plifi :r  le  phdnomdne  par  modification  de  I'angle  k pertes  constantes  pour  satisfaire 
la  continult*  ("angle  de  sortie  unique"). 


1-9 


^ 


Dans  le  cas  des  compresseurs,  le  blocage  intervient  a l'intdneur  du  canal  inter-aubages  et 
provoque  lui-mSme  des  pertes  suppldmentaires  par  apparition  d'ondes  de  choc.  II  est  alors  ndcessaire 
de  corriger  ensemble  les  angles  et  ies  pertes.  Les  compresseurs  supersomques,  quant  a eux,  sont  & 
rapprocher  des  turbines  supercritiques  et  leur  probifeme  peut  dgalement  fitre  simplifid  par  modification 
de  l'angle  d l'entrde  ("incidence  unique")  d pertes  constantes. 

III.  DIFFICULTES  D'APPLICATION 

Un  certain  nombre  de  cas  de  turbomachines  adronautiques  pauvent  dventuellement  remettre  en 
cause  le  moddle  de  base  adoptd  et  faire  appel  soit  a des  corrections  empiriques  soit  d un  moddle  plus 
compliqud. 

1.  Soufflante  de  moteur  double -flux 

La  prdsence  d'un  bee  de  sdparation  des  flux  (A)  en 
aval  de  la  roue  mobile  et  dventuellement  d'une 
"nageoire"  (B)  pour  amortir  les  vibrations  provoque 
des  discontinuitds  et  des  conditions  aux  limites 
complexes  dans  le  ealeui  mdridien  (figure  4), 

Cette  configuration  ne  remel  pas  en  cause  1'hypo- 
thdse  de  surfaces  SI  de  rdvolution.  Mais  le  calcul 
sur  surface  S2  peut  Stre  fondamentalement  perturbd, 
en  particulier  hors  adaptation.  Les  contre-pressions 
en  P et  en  S peuvent  diffdrer  fortement  et  il  faut 
thdoriquement  calculer  autant  de  champs  de  la  partie 
secondaire  qu'il  y a de  vannages  sur  la  partie  pri- 
maire  et  vice-versa.  Heureusement,  les  contre- 
pre  isions  en  P et  en  S ne  sont  pas  inddpendantes 
sur  moteur  complet  ; elles  sont  relides  par  le  cycle 
thermodynamique  et  la  configuration  de  moteur 
choisie. 

Avec  une  mdthode  du  type  courbures  des  lignes  de 
courant,  une  adaptation  du  programme  peut  dtre 
organisde  autour  de  trois  calcuis  * partie  secondaire 
seule,  partie  prirr.aiie  seule,  veine  compldte  sans 
sdparation.  Le  passage  d un  calcul  k l'autre  peut 
s'effectuer  par  coefficients  d'obstruction  ou  facteurs 
Kd  judicieusement  rdpartis  sur  les  tubes  de 
courants  considdrds.  Le  schdma  de  pertes  est  dga- 
lement  & reconsiddrer  du  fait  des  couches  limites 
sur  les  nageoires  et  le  bee  et  les  nouveaux  dcoule- 
ments  secondaires  erdds  par  ce  type  de  gdomdtrie. 
Mais  un  calcul  (ype  "dldments  finis"  dans  le  plan  mdridien  devrait  pouvoir  rdpondre  dldgamment  au 
probldme  posd  par  cette  configuration. 

2.  Turbomachines  chergdes  avec  veine  forternent  dvolutive 

L'dvolution  toujours  croissants  des  charges  par  dtage  dans  les  turbomachines  modernes  conduit 
k considdrer  deux  cas  oil  les  effets  tridimensionnels  importants  nsquent  de  rendre  insuffisant  le  moddle 
des  surfaces  SI  de  rdvolution  ; ils  sont  prdsentds  figures  5 et  6 respectivement. 

Le  premier  (fig.  5)  concerne  les  coupes  de  piea  de  compiesscur  i forte  ddviation  et  Mach  amont 
subsonique  dlevd,  ia  convergence  dtant  importante  pour  dviter  le  ddcollement  par  ralentissement  trop 
sdvdre  ; l'exemple  prdsentd  figure  5 rdalise  55  degrds  de  ddviation  k Mach  0,  85  avec  un  *aux  de  conver- 
gence du  tube  de  courant  de  0,  8. 

Le  second  (fig.  6)  concerne  des  coupes  de  distributeurs  de  turbine  basse  pression  "compacts"  oil 
la  forte  divergence  est  ndeessaire  pour  dviter  des  nombres  de  Mach  de  sortie  trop  dlevds  ; l'exemple 
prdsentd  figure  6 rdalise  une  ddviation  de  80  degrds  avec  un  nombre  de  Mach  aval  de  0,  8 (amont  0,  4) 
et  un  rapport  de  section  du  tube  de  courant  de  1,  6. 

Calculds  sur  une  surface  S2  moyenne  (dcoulement  de  rdvolution)  ils  donnent  lieu  k des  corrections 
"tridimensionnelles”  du  type  de  celles  portdes  figures  5 et  6.  On  voit  alors  que  les  gradients  Intrados- 
Extrados  sont  tcls  qu'on  peut  se  demander  si  l'hypothdse  de  surfaces  SI  de  rdvolution  est  encore  raison- 
nable.  Du  simple  point  de  vue  de  la  continuitd  du  ddbit,  surtout  lorsque  la  vitesse  extrados  est  trans- 
sonique,  il  parait  clair  que  le  tube  de  courant  ne  peut  pas  prdsenter  la  mSme  hauteur  cotd  extrados  et 
cbtd  intrados. 

Il  parait  alors  important  de  considdrer  avec  intdrSt  toutes  les  tentatives  modernes  d'un  calcul 
vraiment  tridimensionne]  et  si  possible  transsonique. 


Fig.4. Soufflante  de  moteur  double-flux. 
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Fig. 5_ Coupe  de  pied  dun  compresseur  Fig.6.  Coupe  de  tete  dune  turbine 
charge  _ ( redresseur ) basse  pression  _ ( distributee ) 

3.  Reintroductions  ou  aspirations  aux  parois  ou  sur  les  profils 

Ce  cas  d'application  est  tr£s  frequent  vians  les  turbomachines  aeronautiques  prdlfevements  d'air 
dans  les  ccmpresseurs,  d6charges,  circulations  internes,  refroidissement  des  turbines,  circulations 
paz-asites  autour  de  viroles  fixes  ou  de  talons  tournants.  Une  mention  a d6j&  et6  faite  ci-dessus 
(chapitre  II  - 1.  4 ) de  ce  probfeme  du  point  de  vue  de  la  formulation  des  ^changes  thermiques.  II  concerne 
en  fait  deux  parties  du  calcul  de  lfecoulement  la  premiere,  au  niveau  des  parois,  affecte  essentiellement 
les  dcoulements  secondaires.  Des  tra\aux  rdcents  tels  que  ceux  des  references  [3 (7)  , [3f)  montrent  qu'il 
est  possible  de  prendre  en  compte  de  tels  phdnoirfenes  dans  une  nfethode  integrals  oft  les  ecoulements 
sont  moyennes  periphdriquement. 

La  seconde  concerne  surtout  les  emissions  sur  les  profils  qui  conduisent,  & l'inferieur  des  aubages, 

& une  cohabitation  tridimensionnelle  dfecoulements  & niveaux  dfenergie  differents.  Seules,  & notre  conr.ais- 
sance,  des  corrections  empiriques  sont  apportees  pour  tenir  compte  de  ce  ph6nomene. 

4.  Distorsion,  decollement  tournant,  pomp? ge  :• 

Si  l'on  observe  ’a  figure  7 tiree  de  la  reference  j32j  oil  se  trouvent  portes  les  phenonfenes  ren- 
contres dans  ]e  champ  de  caracteristiques  d'un  compresseur  haute  pression  multi -dtages  trds  charge, 
on  peut  9e  demander  si  le  module  choisi  peut  permel.re  de  decrire  de  telles  caracteristiques,  en 
particulier  les  changements  apportds  par  des  modifications  de  de  geomdtrie  (versions  1,  2 et  3). 

Le  probfeme  se  pose  alors  de  savoir  si  les  calculs  dfecoulements  instationnaires  actuellement  k 
notre  disposit’on  peuvent  fitre  introduits  dans  la  methods  pour  prevoir  le  ddcollement  tournant  et  le 
pompage  (con.presseurs)  ou  tenir  compte  d'effets  instationnaires  de  distorsion,  par  exemple  pertes 
de  charges  d'entrdes  d'air  ou  dissynfetries  thermiques  de  chambre  de  combustion. 
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Rapport  de  pression 


Fig. 7_  Compresseur  HP  a 5etages.  Doubles  caracteristiques. 

Deu  ap^roches  sent  possible  •:  l'une  cor.siste  4 ea.dier  la  r4ponse  du  syst4me  4 des  perturbations 
instationnaires  ( j33)  , [34]  ),  l'autre  4 refonore  compietement  ie  module  de  base  ( [35]  , j|ej  ) en  y 
introduiscnt  naturellement  les  termes  instationnaires.  Les  progrfcs  recents  realises  dans  ces  techniques 
permettent  d'esp^rer  la  prise  en  compte  4 ir.oyen  terme  de  tels  ph^nomfenes.  Ce  sujet  deborde  d'ailleurs 
du  cadre  du  present  collcque. 

5.  Effets  visqueux  generalises 

Dans  les  moteurs  aeronautiques  4 taux  de  compression  tr&s  eieve  (par  exemple  30  •:  1)  il  est  connu 
des  turbomachinistes  que  l'ecoulement,  dans  les  derniers  stages  de  compression  oil  le  rapport  de  moyeu 
depasse  0,9,  supporte  des  ph6nom6nes  secondaires  et  en  particulier  des  effets  visqueux  qui  finisseni 
par  envahir  toute  la  veine,  au  point  a'aboutir  4 un  ecoulement  de  type  "luyau"..  II  nous  parait  alors  diffi- 
cile, du  point  de  vue  theorique,  de  eonserver  l'hypothfese  des  couches  limites. 

L' introduction  de  forces  de  viscosite  et  de  la  conductivity  complique  alors  beaucoup  la  formulation 
et  la  resolution.  II  semble  heureusement  que  dans  de  nombreux  cas  pratiques  l'apport  d'energie  au  fluide 
par  les  rotors,  r6it4r6  4 chaque  etage,  conduise  l'ecoulement  dans  le  compre-seur  4 un  etat  asympto- 
cique  dont  au  moins  les  performances  globales  se  rapprochent  des  r6sultats  obtenus  par  un  calcul  sim- 
plify du  type  de  celui  presents  tableau  I.  La  recherche  d'aubages  sophistiques  capabies  de  s'adapter  4 
des  variations  radiales  importantes  sur  une  faible  hauteur  pose  du  reste  des  probldmes  de  fabrication  et 
de  fiabilite  aux  constructeurs. 

Une  fois  encore,  la  solution  le  plus  souvent  utilisee  reside,  pour  le  calcui  des  performances,  dans 
un  calibrage  habile  du  schema  de  pertes  et  d'angles  introduit  dans  le  calcul. 

CONCLUSION 

Aprfes  la  presentation  du  modeie  de  base  g6n6ralement  utilise  par  les  turbomachinistes  dans  le 
calcul  de  l'ecoulement,  un  bilan  des  difficultes  renccntr6es  dans  la  formulation  et  la  resolution  a ete 
effectu6..  L'examen  d'un  certain  nombre  de  cas  d'application  d;fficiles  montre  ensuite  que  des  solutions 
simples  sont  souvent  possibles  par  modification  du  schema  empirique  de  pertes  et  d'angles,, 

Mais  ^augmentation  constante  des  performances  demandees  aux  turboma chines  modernes  et  le 
besoin  d'une  mithode  de  prevision  plus  precise  capable  d'eviter  aux  conotructeurs  de  coCteuses  heures 
d'essais,  incitent  le  S[6cialiste  4 cr6er  des  m6thodes  entierement  analytiques  programmees  sur  ordi- 
nateur  puissant.  Des  recherches  r6centes,  en  particular  sur  les  ecoulements  secondairec  et  les 
phenomenes  instationnaires  permettent  d'envisager  de  telles  solutions  dans  un  avenir  proche. 


On  ne  saurait  cepcndant  trop  recommander  aux  chercneurc  de  travailler  & des  modules  de  plus  en 
plus  repr£sentatifs  des  ph£nom£nes  physiques,  s'approchant  ainsi  de  la  solution  g6n6rale  des  Equations 
de  Navier -Stokes.  Leur  resolution  avec  des  conditions  aux  limites  compliquies  et  des  nombres  de 
Reynolds  61ev6s  reste  un  problfeme  extrfimement  diffile.  Mais  il  n'est  pas  d'exemple  oil  une  nouvelle 
m6thode  analytique,  mfime  a precision  6gale  avec  les  methodes  empiriques,  n'ait  pas  fait  progresser 
la  technique  des  turbomachines. 
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ANNEXE  1 


Variations  pdriphGriques  de  la  fonction  n 


Une  des  fonctions  aparaissant  dans  l'dquation  diffGrentielle  du  calcul  sur  surfaces  S2  et  dont  lea 
variations  en  8 peuvent  ne  pas  fit  re  neglige  able  8 a forte  charge,  mGme  si  le  nombre  d'aubes  est  61ev6, 
est  la  fonction  n dGfinie  par  : 


(1)  n = tgp  = We 

Vm 

P dtant  I'angle  de  la  vitesse  relative  avec  le  plan  mdridien.  Dans  le  cas  d'un  nombre  d'aubes  suffisant 
on  peut  dcrire  pour  une  fonction  F dans  \:n  canal  inter -aubages  : 


(2) 


_a 

de 


L =[IL=IL 

e L 


en  nGgligeant  ies  termes  du  second  ordre  en 


avec 


I = Intrados 
E = Extrados 


Involution  de  F k (r, 
ddfinie  par 


r,z  fixes 

8j  -8e) 


Cette  linearisation  est  mGme  exacte  si 


z)  fixGs  est  oarabolique  en  0 ce  qui  est  souvent.  Toute  surface  S2  peut  Gtre 


(3) 


8 a 0(r,z) 


Le  vecteur  normal  k cette  surface  N a pour  coordonnOcs  dans  le  systGme  cylindrique 
(r,  8 , z)  : 


N 


La  condition  de  glissement 


de 

dr 

_1_ 

r 

de 

sr. 


N • W = 0 du  vecteur  vitesse  sur  cette  surface  s'Gcrit  done  : 


(4)  Vr  A©_  + Vz  -jLWg  = 0 

dr  dz  r 

ou  encore  : 

Vm  .d.Q...  = Wfi 

(5)  dm  r 


si  enr.z)  et  0e  (r,z)  sont  respectivement  lvs  functions  (donnGes)  dGfinissant  les  surfaces  intrador 
et  extrados  de  l'aubage,  l'application  de  (5)  k ces  deux  surfaces  particuliGres  conduit  k l'expression  ■: 

(6)  dei  deE  .1  [Wei  _ Wqe \ 

dm  dm  r \^vml  VmE J 

En  prer.ant  n comme  fonction  F dans  (2)  et  en  utilisant  (6)  il  vient  : 

d (oi-Qe) 

1 dn  _/ 1 \ ni-nE dm 

(7)  r <SF  \rjej_OE  ” ©i-Ge 


Par  definition  le  coefficient  K d'obstruction  des  aubages  s'Gcrit 

(8)  2 ttK  = 2wr  - Ze  - 2tt  f 1 - Ze_]  - 0i  -Qe 

F \ 2m/ 

done  (6)  devient  : 


/9)  1 dn  _ 1 dK 

ZJ5V  ~~k  d^T 

qui  determine  les  variations  en  8 de  la  fonction  n k partir  des  donndes  K et  dK 

dm 
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COMMENTS 


Comment  by  R.I.Lewis,  Newcastle  University,  UK 

Does  the  author  believe  in  the  validity  of  superimposing  either  empirical  cascade  data  obtained  between  rigid  side 
walls,  or  solutions  obtained  upon  SI  surfaces,  to  complete  blade  flows?  He:e  1 am  questioning  the  validity  of 
stacking  two-dimensional  solutions  to  form  a quasi-three-dimensional  flow  when  the  SI  so'utions  vary  from  subsonic, 
through  transonic',  to  supersonic  involving  strong  compressibility  effects,  three  dimensional  shocks  and  radial  flows  due 
to  locally  chocked  flows.  It  seems  to  me  that  research  into  these  real  fluid  conditions  should  be  next  on  the  agenda. 

Authors’  response: 

I think  the  process  is  essentially  iterative  between  SI  and  S2  solutions.  If  SI  surfaces  are  computed,  it  is 
possible  to  go  from  S2  solutions  to  SI  solutions  using  the  streamtube  thickness  distribution  as  an  iterative  parameter. 

If  SI  solutions  are  experimental  cascades  data,  we  can,  at  least,  use  a contouied  wall  cascade  with  bleeding  systems 
and  correct  the  loss  scheme  as  a function  of  AVR  distribution.  1 agree  ‘.lie  so  called  quasi-ihree-dimensional  calcula- 
tion can  be  inaccurate  inside  the  blade  rows  in  the  transonic  cases  but  the  accuracy  seems  to  be  sufficient  regarding 
other  unknowns  like  three-dimensional  secondary  flows  and  three  dimensional  shock-boundary  layers  interaction. 

Comment  by  J.Chauvin,  von  Karman  Institute,  Belgium 

Quel  est  le  temps  de  calcul  acceptable  pour  une  methode  a utiliser  industriellement? 

Authors’  response: 

Les  programmes  utilises  quotidiennement  doivent  etre  relativement  rapides  (moins  de  deux  minutes  sur  IBM 
370-145,  par  exemple)  pour  une  question  de  debit  du  systeme  d’exploitation  et  de  temps  de  reponse  pour  Pingenieur. 
D’autres  programmes  tres  puissants  (problemes  transsoniques,  calculs  instationnaires)  utilises  plus  rarement  peuvent 
etre  acceptables  meme  si  le  temps  de  calcul  atteint  deux  ou  trois  heures.  La  limite  semble  etre  le  prix  de  fabrication 
de  la  machine  elle-meme  (calculs  tri-dimensionnels). 

Comment  by  D.Millar,  Carleton  University,  Canada 

With  reference  to  the  figure  on  page  6,  could  you  clarify  the  statement  that  the  use  of  (vV0)  + iteration  in  the 
off-design  or  analysis  case  is  successful  in  avoiding  the  limitation  imposed  by  relative  or  absolute  Mach  number  > 1.0, 
even  though  the  angle  is  effectively  constrained  by  the  blade  angles  of  the  machine  being  analyzed.  In  setting  up  our 
own  ealculations,  Davis  and  I concluded  that  the  fact  that  the  angle  is  constrained  will  cause  the  calculations  to  diverge 
if  the  absolute,  rather  than  the  meridional  Mach  number  exceeded  unity. 

Authors’  response: 

We  could  succeed  in  avoiding  the  sonic  relative  Mach  number  limitation  because  we  tried  only  to  converge  on 
the  flow  angles  outside  the  blade  row.  1 am  not  sure  the  process  is  converging  if  the  angles  are  imposed  inside. 

Comment  by  R.Parker,  University  College  of  Swansea,  UK 

Could  the  author  please  explain  the  double  characteristics  shown  in  Figure  7?  Could  these  be  predicted  by  the 
calculations,  and,  if  so,  how  was  this  achieved?  What  physical  situation  exists  in  the  machine  when  operating  on  the 
lower  characteristics? 

Authors’  response: 

The  beginning  of  iota  ting  stall  phenomena  could  be  predicted  regarding  the  stability  of  the  compressor’s 
opeiating  equations  but  tl  e rot  ti  ip  stall  phenomena  like  hysteresis  were  not  predicted.  The  double  characteristics 
were  experimentally  analyi,  J They  appear  when  rotating  stall  is  stabilized  in  the  first  stage  and  when  we  increase 
the  r.p.m  , cells  are  appear!  if  ::i  the  second  stage  too,  and  then  in  the  third. 

Comment  by  J.Denton,  C.E.C.B.,  UK 

For  the  results  shown  in  Figures  5 and  6,  how  many  calculating  points  did  you  have  inside  the  blade  passage 
to  define  tiie  streamtube  thickness? 

Authors’  response: 

Only  3 or  4.  The  so  called  three-dimensional  correction  is  significant  only  at  the  outlet  in  compressor.  It 
seems  necessary  to  have  different  correction  on  pressure  and  suction  side,  in  the  supersonic  bubble  region  in  parti- 
cular. For  the  turbine  case,  the  correction  is  not  made  downstream,  but  upstream,  because  the  outlet  Mach  number 
is  fixed. 

Comment  by  H.Cox,  G.E.C.,  UK 

Coming  back  to  the  problem  of  computing  more  complicated  through-flow  solutions,  this  will  lead  you  into 
situation  where  solutions  are  derived  for  precise  flow  conditions,  very  accurately.  However,  for  industrial  machines, 
blades  have  to  be  designed  not  for  one  specific  condition  but  for  a range  of  <-cndit  ons.  For  a same  blading  geometry, 
you  will  have  varying  streamline  geometries  to  match.  In  fact,  to  go  to  a highly  complicated  design  system  to  take 
into  account  precise  shapes  under  one  condition  may  mislead  you  in  terms  of  other  conditions,  where  the  streamline 
pattern  may  be  different.  The  precise  value  of  complicated  computing  techniques  could  be  in  doubt,  to  some  extent, 
as  far  as  design  is  concerned. 
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Authors’  response: 

The  operation  implies  mixed  subsonic  supersonic  conditions  in  the  turbine;  one  needs  time  marching  method 
mixed  with  another  through-flow  calculation,  or  else  have  to  take  into  account  heat  and  mass  transfer  for  cooled 
blades;  it  is  necessary  to  use  methods  which  need  a lot  of  time  on  the  computer,  and  should  be  applied  for  the 
whole  range  of  flow  conditions. 


Comment  by  J.Railly,  University  of  Birmingham,  UK 

Concerning  the  correction  for  the  anulus  wall  boundary  layer  development,  this  leads  you  to  bring  your  effective 
end  walls  closer  to  the  centre.  Is  this  the  best  way  to  do  it?  You  might  have  spent  a considerable  amount  of  time 
preparing  the  input  data  (blade  angles,  etc...)  at  a number  of  points,  and  the  matrix  coefficients  have  been  set  up. 
Applying  the  end  wall  correction,  they  have  to  be  changed  and  the  process  repeated.  Is  there  no  better  way  of  doing 
it? 

Authors’  response: 

We  do  not  use  a matrix  inversion  method,  and  we  do  not  have  to  redefint  the  coefficient,  as  we  are  using  a 
streamline  curvature  method,  which,  to  my  mind,  is  better  adapted  in  this  case. 
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THROUGH-FLOW  CALCULATIONS  IN  AXIAL  TURBOMACHINERY : 

A TECHNICAL  POINT  OF  VIEW 

by 

H.  Marsh 

Department  of  Engineering  Science 
University  of  Durham 
Durham 
England 

SUMMARY 

The  paper  outlines  the  through-flow  theory  tor  turbomachmes  and  includes  a detailed  discussion  on 
the  methods  of  streamline  curvature  and  matrix  through-flow.  These  two  methods  of  solution  are  shown  to 
be  two  different  techniques  for  calculating  the  flow  on  a mean  stream  surface.  The  Mach  number  limitations 
are  outlined  and  the  lack  of  a rigorous  definition  for  the  mean  stream  surface  is  discussed.  The  use  of 
a consistent  loss  model  leads  to  an  improved  form  of  the  matrix  method.  Recent  advances  in  the  calculation 
of  wall  boundary  layers  and  secondary  flows  are  reported.  Work  on  time-marching  techniques  is  ri-.iewed 
and  it  appears  likely  that  a three-dimensional  flow  calculation  for  a cascade  will  soon  be  possible. 

NOTATION 

a local  velocity  of  sound, 

B surface  thickness  parameter, 

c chord , 

D equivalent  diffusion  factor, 

eq 

F force  vector, 

h static  enthalpy, 

H stagnation  enthalpy, 

I rothalpy  (H  - iprV  ) , 

0 

m meridional  direction, 

M meridional  Mach  number, 

m ’ 

M relative  Mach  number, 

rel 

n vector  normal  to  the  mean  stream  surface, 

N vector  normal  to  n and  S, 

p pressure, 

q velocity  (secondary  flow  theory), 

r radius, 

R gas  constant, 

R radius  of  curvature  of  meridional  streamlines, 

s pitch, 

s entropy, 

S mean  stream  surface, 

S vector  lying  in  the  direction  of  flow, 

T temperature, 

vn  secondary  velocity  across  the  blade  passage, 

V velocity  vector, 

w secondary  velocity  along  the  span, 

W relative  velocity  vector, 

z axial  direction  for  through-flow  analysis, 

z spanwise  direction  for  secondary  flow  theory, 


a 
6* 

6 
X 
(i 
P 
a 

T, 

0 

t 

U) 

(U 

SUBSCRIPTS 
1 
2 


air  angle, 

displacement  thickness, 
momentum  thickness, 

angles  defining  the  mean  stream  surface, 
density, 

solidity  (chord/pitch), 
wall  shear  stress, 
slope  of  meridional  streamlines, 
stream  function, 
angular  velocity, 
total  pressure  loss  coefficient. 

inlet 
outlet 
r radial 

z axial 

0 circumferential 

INTRODUCTION 

The  overall  objective  of  through-flow  analysis  is  to  provide  the  de.ugn  engineer  with  a method  for 
predicting  the  performance  of  a turbomachine.  By  combining  mathematical  analysis  with  experimental  data 
on  the  behaviour  of  cascades,  it  has  been  possible  to  develop  computer  programs  which  allow  the  uesigner 

to  calculate  the  flow  pattern  within  a turbomachine.  The  design  engineer  can  now  use  these  programs  to 

determine  the  effect  of  changes  in  the  blade  or  casing  geometry.  With  the  increasing  use  of  these 
technique'.,  it  is  hoped  that  a more  efficient  aeroengine  can  be  designed  with  fewer  stages,  less 
weight,  better  specific  fuel  consumption  and  with  a reduced  time  for  development. 

Oyer  the  past  fifty  years,  methods  of  flow  analysis  have  progressed  from  the  mean  line  analysis  to 
the  method  of  simple  radial  equilibrium,  now  part  of  many  undergraduate  courses,  then  to  actuator  disc 
theory,  which  included  the  effect  of  blade  row  interaction,  and  finally  to  the  numerical  methods  of 
streamline  curvature,  matrix  through-flow  and  time  marching.  The  calculation  of  the  flow  in  a turbo- 
machine is  a very  complex  mathematical  problem  and  a major  step  in  this  field  was  Wu's  (1)  general 
theory  in  1952.  From  1952  until  the  early  1960s,  the  mathematical  model  for  the  flow  in  turbcmachines 
was  more  advanced  than  the  methods  of  computation  and  numerical  solutions  to  Wu's  equations  could  not 

be  obtained.  By  1965,  the  speed  and  storage  capacity  of  digital  computers  had  developed  to  a level 

where  it  became  possible  to  solve  the  turbomachinery  flow  proolem,  first  for  the  through-flow  on  a mean 
stream  surface  and  later  for  the  blade-to-blade  flow.  The  techniques  now  exist  for  calculating  the 
flow  in  turbomachines  on  the  basis  of  a flow  model  which  includes  the  effects  of  compressibility,  losses, 
blade  row  interaction,  secondary  flows  and  the  development  of  the  wall  boundary  layers.  This  model  is 
based  on  our  understanding  of  the  flow  through  linear  cascades,  isolated  blade  rows  and  single  stage 
machines.  As  we  learn  more  about  the  flow  in  these  simple  situations,  then  the  flow  model  can  be  revised 
and  improved  to  give  a more  accurate  prediction  for  the  performance  of  a multi-stage  machine. 

WU'S  THROUGH-FLOW  THEORY 

In  Wu's  general  theory  for  the  flow  in  turbomachines,  ref.  (1),  the  equations  of  fluid  flow  are 
satisfied  on  two  intersecting  families  of  stream  surfaces,  the  complete  three-dimensional  flow  being 
obtained  by  an  iterative  process  between  the  solutions  for  the  flow  on  the  two  sets  of  surfaces.  The 
two  sets  of  stream  surfaces  are  the  SI  blade-to-blade  surfaces  and  the  S2  surfaces  which  pass  through 
the  blade  row.  The  general  theory  assumes  that  the  flow  relative  to  a blade  row  is  steady.  However, 
at  exit  from  a blade  row,  the  flow  and  gas  state  vary  circumferentially  and  if  the  following  blade  row 
has  a motion  relative  to  the  first,  then  it  receives  a time  varying  inlet  flow.  It  is  only  for  an 
isolated  blade  row  that  the  relative  flow  is  steady  and  the  general  theory  is  therefore  restricted  to 
the  annular  cascade  or  isolated  rotor  row, 

Wu's  through-flow  theory  is  similar  to  the  general  theory,  but  the  equations  of  flow  are  only  solved 
for  the  mean  S2  stream  surface.  The  definition  of  this  surface  will  be  discussod  '.ater  and  for  the 
present,  it  will  be  assumed  that  the  flow  and  fluid  state  on  the  surface  may  be  regarded  as  average 
values  for  the  flow  within  the  blade  passage.  For  a multi-stage  turbomachine,  the  time  dependence  of 
the  flow  is  removed  by  treating  the  through-flow  solution  as  an  axially  symmetric  flow  for  the  duct 
region  between  each  pair  of  blade  rows . 
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In  the  r,  9,  z coordinate  system,  the  equations  of  continuity,  motion,  energy  and  state  are 
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These  equations,  together  with  their  boundary  conditions,  define  the  steady  flow  through  any  duct  or 
blade  row. 

In  tho  through-flow  analysis,  the  flow  pattern  is  only  calculated  for  the  mean  S2  stream  surface 
which  is  defined  as 


0 - Q(r,*.) 


and  it  is  assumed  that  the  surface  is  single  valued  m p. 

If  HAr  and  H/a*  are  partial  derivatives  taken  along  the  stream  surface,  then 
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where  nr,  n^  and  nz  are  the  components  of  the  unit  vector  n normal  to  the  mean  stream  surface.  These 
special  derivatives  must  be  distinguished  from  simple  pari lal  derivatives.  The  special  derivative 
3q/3r  is  the  rate  of  change  of  q with  r on  the  stream  surface  at  a given  value  of  z,  whereas  31 /gr  is 
the  rate  of  change  of  q with  r at  given  values  of  z and  p. 

The  equations  governing  the  flow  may  now  be  written  in  ter^s  of  these  special  derivatives. 
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For  an  inviscid  flow,  the  force  vector  F is  normal  to  the  stream  surface  and  is  therefore  normal  to  the 
velocity  vector, 
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It  is  convenient  to  define  the  local  shape  of  the  stream  surface  by  two  angles  \ and  p whore 
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The  three  velocity  components  are  then  related  by 
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which  is  the  geometrical  condition  that  the  flow  should  follow  the  stream  surface. 


Wu  introduced  an  integrating  factor  B such  that  the  equation  of  continuity  became 
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Equation  (16)  indicates  that  the  factor  B ir.  proportional  to  the  local  angular  thickr.esc  of  the  stream 
surface  and  as  a first  approximation,  the  thickness  of  the  stream  surface  is  taken  as  being  proportional 
to  the  width  of  the  blade  passage 


B = circumferential  width  of  blade  passage 
blade  pitch 

For  flow  in  a region  where  there  are  no  blades,  the  factor  B is  taken  as  unity. 

The  through-flow  analysis  has  been  presented  here  in  detail  so  as  to  provide  a basis  for  discussing 
more  recent  developments  rr  flow  calculation  methods. 

STREAMLINE  CURVATURE 


The  method  of  streamline  curvature  can  be  regarded  as  one  approach  to  solving  the  through-flow 
equations,  starting  from  the  radial  equation  of  motion, 
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The  last  term  can  be  expressed  m terms  of  the  meridional  velocity  W , 
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and  introducing  the  steamlme  slope  0 and  radius  of  curvature  R , the  radial  equation  of  motion  becomes 
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The  last  term  in  this  equation  can  be  evaluated  from  the  equations  of  continuity,  energy  and  state, 
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Substitution  of  equations  (20)  and  (21)  into  (22)  gives 
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and  the  radial  equation  of  motion  is  then 
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This  equation  is  often  written  m the  form 
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Although  the  method  of  streamline  curvature  was  developed  independently  by  Smith  (2),  Novak  (3),  and 
Silvester  and  Hethenngton  (4),  it  is  interesting  to  note  that  the  governing  equation  can  be  derived 
from  Wu's  through-flow  analysis.  It  follows  that  streamline  curvature  is  merely  one  method  for  solving 
the  equations  for  the  flow  on  the  mean  stream  surface. 

In  the  streamline  curvature  method,  it  is  assumed  that  an  estimate  of  the  flow  pattern  is  known,  so 
that  the  functions  K(r)  and  L(r)  are  known  functions  of  the  radius.  At  any  axial  position,  a value  for 
the  meridional  velocity  Wm  is  chosen  at  some  radial  position,  such  as  the  mid-annulus,  and  equation  (25) 
is  integrated  radially  to  obtain  the  velocity  profile.  The  mass  flow  rate  at  this  position  is  calculated 
and  compared  with  the  specified  mass  flow  rate.  If  necessary,  a new  value  for  Wm  at  the  mid-annulus  is 
chosen  and  the  calculation  repeated  until  the  required  mass  flow  rate  is  obtained.  When  the  velocity 
profiles  are  known  throughout  the  machine,  then  a new  streamline  pattern  can  be  calculated  and  new  values 
obtained  for  K(r)  and  L(r).  The  complete  cycle  of  calculations  is  repeated  until  a convergence  criterion 
is  satisfied.  This  is  one  approach  to  the  streamline  curvature  method,  but  there  are  several  variations 
used  by  ether  authors . 

A major  difficulty  in  applying  the  streamline  curvature  method  is  that  it  is  necessary  to  calculate 
the  streamline  pattorn  and  then  obtain  the  slope  and  curvature  of  the  streamlines.  The  shape  of  the 
streamlines  is  often  approximated  by  a spline  fit  through  points  of  equal  stream  function  on  neighbouring 
calculation  planes.  The  spline  curve  may  be  differentiated  once  to  obtain  the  slope  and  twice  to  obtain 
the  curvature,  a procedure  which  can  load  to  a loss  of  accuracy. 


Shaaian  and  Daneshyar  (5)  have  suggested  that  a more  accurate  estimate  of  the  curvature  is  obtained 
by  fitting  a second  spline  curve  to  the  variation  of  slope  and  then  differentiating  to  obtain  the  curvature. 
They  refer  to  this  as  a double-spline  fit.  The  most  important  conclusions  reached  by  Shaaian  and 
Daneshyar  are  that  a single  spline  fit  requires  about  10  points  per  wavelength  in  order  to  obtain  a good 
estimate  for  the  curvature  and  that  a double  spline  fit  requires  only  four  or  five  points.  In  a turbo- 
machine,  the  basic  wavelength  is  the  length  of  a stage  and  it  follows  that  a good  estimate  for  the 
curvature  of  the  streamlines  can  only  be  obtained  by  taking  calculation  planes  within  the  blade  rows. 

This  is  relatively  simple  for  subsonic  flows,  but  in  a transonic  flow  with  shocks,  the  mathematical 
model  may  not  be  adequate.  Many  streamline  curvature  programs  analyse  the  flow  in  transonic  compressors 
by  placing  the  calculation  planes  outside  the  blade  rows  and  treating  the  blade  rows  as  devices  having 
a specified  behaviour,  ever,  though  this  may  reduce  the  accuracy  of  the  overall  calculation.  The  level 
of  agreement  which  has  been  obtained  between  experiments  and  the  predictions  based  on  calculation  planes 
placed  outside  the  blade  rows  suggests  that  the  solution  for  the  flow  pattorn  may  not  be  too  sensitive  to 
errors  in  the  calculation  of  the  curvature  cf  the  streamlines. 
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MATRIX  THROUGH “FLOW  ANALYSIS 

An  alternative  method  for  solving  the  equations  governing  the  flow  on  the  mean  stream  surface  is  to 
define  a stream  function  ^ where 
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The  radial  equation  of  motion  can  then  be  expressed  as 
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Tiis  is  often  referred  to  as  Wu's  principal  equation;  it  is  a non-linear  equation,  but  it  can  be  solved 
by  the  repeated  solution  and  correction  of  the  quasi-lmear  equation  (28).  For  a given  distribution 
q(r,  z),  a solution  is  obtained  for  the  stream  function  the  function  q(r,  z)  is  then  corrected  using 
the  new  values  for  | and  the  process  is  repeated  until  a convergence  criterion  is  satisfied.  The  basic 
method  of  solution  was  outlined  by  Wu  (1)  in  1952,  but  it  was  not  until  1965  that  the  storage  capacity 
and  speed  of  computers  were  sufficient  to  allow  numerical  solutions  of  equation  (28),  ref.  (6). 

Mathematically,  Wu's  analysis  is  extremely  simple,  the  difficulty  lies  m obtaining  numerical  solutions 
for  the  stream  function.  Many  finite  difference  approximations  use  a rectangular  grid  of  points,  since 
this  leads  to  simple  expressions  for  the  derivatives.  However,  for  calculating  the  flow  through  a 
turbomachine,  a more  suitable  form  of  grid  is  a distorted  or  non-rectangular  grid.  Figure  la  shows  the 
grid  used  in  ref.  (6)  which  has  radial  lines  with  equally  spaced  points  between  the  inner  and  outer 
casings.  The  machine  casings  form  curved  grid  lines  and  there  are  no  additional  difficulties  for  grid 
points  which  lie  close  to  or  on  the  boundaries.  There  is  an  automatic  refining  of  the  grid  as  the 
annulus  height  is  reduced.  The  use  of  radial  lines  in  ref.  (6)  was  dictated  by  the  limited  storage 
capacity  of  the  computer.  The  leading  and  trailing  edges  of  a blade  row  may  not  be  radial  and  if  sufficient 
computer  storage  is  available,  then  it  is  more  convenient  to  define  a grid  in  which  the  straight  lines 
may  be  inclined  to  the  radial  direction,  Figure  lb. 

In  the  grid  shown  in  Figure  la,  there  is  no  difficulty  in  forming  finite  difference  approximations 
for  the  radial  derivatives,  but  there  is  no  simple  expression  for  derivatives  with  respect  to  z.  The 
textbooks  available  in  1965  offered  very  little  guidance  since  they  were  largely  concerned  with  square 
and  rectangular  meshes,  meshes  for  which  the  finite  difference  approximations  could  be  derived  by  hand 
calculation.  It  was  realised  that  the  derivation  of  finite  difference  approximations  was  a very  systematic 
procedure  and  that  a computer  program  could  be  written  to  obtain  a finite  difference  in  terms  of  the 
function  values  at  neighbouring  points,  points  which  need  net  be  regularly  spaced.  Ref.  (6)  describes 
a general  procedure  for  obtaining  the  finite  difference  approximations  m the  distorted  mesh  of  Figure  la. 

It  was  found  that  as  the  distorted  mesh  became  locally  square  or  rectangular,  then  more  than  one  finite 
difference  approximation  was  possible  and  the  procedure  broke  down.  This  singularity  was  » moved  by 
re -phrasing  equation  (28)  as 


=*(<•,*) = Q (-.«.) 

e - ^7  1 


With  the  problem  in  this  form,  the  procedure  for  determining  the  finite  difference  approximation  cannot 
become  singular.  The  principal  equation  (29)  and  its  boundary  conditions  can  be  written  in  the  matrix 
form 


where  [^7  and  fQl  are  column  vectors  and  [Ml  is  a band  matrix  which  remains  unchanged  throughout  the 
calculation.  Only  the  band  of  non-zero  elements  is  formed  and  stored  in  the  computer.  Equation  (30) 
is  solved  by  calculating  the  band  triangular  factors  fL]  and  [Ul  where 


[l]Lm]=[u] 


and  men  re-phrasing  equation  (30)  as 


[ujW0=[L]La] 


The  matrices  [U7  and  [L]  remain  unchanged  throughout  the  calculation.  The  method  of  solution  for  the 
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stream  function  ^ is  to  solve  for  a given  vector  [Ql,  to  correct  using  the  new  flow  pattern  and  then 
repeat  the  cycle  of  calculation  until  convergence  is  obtained.  Although  many  workers  in  this  field  have 
followed  ref.  (6)  and  used  the  matrix  method,  a few  have  solved  equation  (30)  using  a Gauss-Seidel 
technique.  The  main  advantage  of  the  matrix  method  is  that  it  avoids  tne  possibility  of  numerical 
instability  on  the  inner  loop  of  the  calculation. 

A UNIFIED  APPROACH  TO  THROUGH-FLOW  ANALYSIS 

For  several  years,  the  matrix  through-flow  and  streamline  curvature  methods  were  regarded  as  two 
separate  methods  for  calculating  turbomachinery  flows.  It  was  not  until  1970,  ref.  (7),  that  it.  w s shown 
that  these  two  mathematical  techniques  were  based  on  the  same  model  and  that  they  could  be  regarded  as 
two  different  methods  for  solving  the  governing  equations  for  flow  on  the  mean  stream  surface.  The 
analysis  of  ref.  (7)  has  been  repeated  here  to  draw  attention  to  the  common  basis  for  these  two  mathe- 
matical techniques. 

MACH  NUMBER  LIMITATIONS 

It  is  a fundamental  assumption  of  the  matrix  through-flow  and  streamline  curvature  methods  that  there 
exists  a unique  solution  for  the  flow  in  a turbomachine.  It  is  clear  that  in  the  matrix  m thod , the 
solution  for  the  flow  pattern  on  each  cycle  of  the  iterative  process  is  itse'f  unique,  this  being  the 
solution  of  a single  matrix  equation  for  the  stream  fuiction.  However,  at  each  grid  oint  there  are  two 
solutions  for  the  density,  one  corresponding  to  subsonic  flow  and  the  other  to  supersonic  flow.  In 
ref.  (6),  the  ambiguity  wps  avoided  by  restricting  the  analysis  to  flows  in  which  the  Mach  nuufcer 
limitations  at  all  grid  points  are;. 

(a)  duct  flows,  Mnj  < 1, 

(b)  flow  within  or  behind  a blade  row,  M , < 1 

rel 

Later,  Gelder  (8)  suggested  that  these  Mach  number  limitations  might  be  relaxed  if  the  velocity  components 
were  calculated  using  a value  for  the  density  which  is  taken  from  the  previous  iteration.  The  calculation 
of  density  then  lags  behind  that  of  velocity,  but  if  the  process  converges,  then  this  is  not  important. 
Smith  (9)  has  used  Gelder's  modification  and  has  found  that  it  improves  the  stability  of  the  matrix 
method  at  high  Mach  numbers.  According  to  Gelder,  this  technique  allows  the  matrix  method  to  continue 
operating  at  Mach  numbers  of  up  to  1.2,  but  the  solution  cannot  include  any  shocks. 

The  uniqueness  of  the  streamline  curvature  solutions  is  discussed  in  ref.  (10)  and  it  is  shown  that 
if  the  density  is  calculated  on  the  basis  of  the  current  iteration,  then  a sufficient  condition  for 
uniqueness  ie 

(a)  for  duct  flows,  M,,,  < 1, 

(b)  for  the  flow  within  or  behind  a blade  row,  M 1 at  all  radii,  or  M > 1 at  all  radii 

rel  rel 

These  conditions  are  the  same  as  those  which  are  applied  to  the  matrix  method  m ref.  (6).  Uniqueness 
can  be  assured  by  evaluating  the  mass  integral  for  continuity  using  the  values  of  density  from  the 
previous  iteration.  It  should  be  noted  that  the  conditions  given  here  are  sufficient  to  ensure  uniqueness;; 
the  method  may  converge  to  a true  solution  at  higher  Mach  numbers,  but  the  uniqueness  cannot  be  shown 
by  the  analysis  of  ref.  (10). 

More  recently  Davis  and  Millar  (11)  have  compared  the  two  methods  of  solution  and  they  have  arrived 
at  similar  conclusions  concerning  the  Mach  number  limitations.  They  suggest  that  to  some  extent,  the 
problem  might  be  overcome  by  choosing  a coarse  grid  to  avoid  areas  of  difficulty.  Tnis  approach  is 
similar  to  that  which  is  frequently  used  with  the  streamline  curvature  method,  namely  to  place  all  of  the 
calculation  planes  in  the  duct  regions, 

DEFINITION  OF  THE  MEAN  STREAM  LUPFACE 

The  use  of  the  matrix  through-flow  or  the  streamline  curvature  method  within  the  blade  rows  requires 
the  definition  of  the  mean  stream  surface.  This  may  be  loosely  defined  as  the  average  for  all  of  the  S2 

stream  surfaces.  This  is  not  8 rigorous  definition  and  there  is  a need  to  arrive  at  a method  for 

specifying  the  mean  stream  surface  for  an  arbitrary  cascade.  Horlock  and  Marsh  (29)  have  considered 
several  simple  flow  models  for  cascades,  including  flow  on  a mean  stream  surface.  Their  conclusion  is 
that  it  is  not  possible  to  define  a surface  such  that  the  flow  and  gas  state  at  all  points  on  that  surface 
are  the  same  as  the  passage  averaged  values  for  the  actual  flow.  It  is  therefore  not  possible  to  give  a 
definition  of  the  mean  stream  surface  for  either  incompressible  or  compressible  flow.  The  analysis  of 
ref.  (29)  shows  that  the  mean  stream  surface  flow  model  can  predict  the  correct  overall  change  of  the  flow 
across  the  blade  row,  but  the  calculated  flow  variations  may  not  provide  a good  local  representation  of 
the  averaged  actual  flow  within  the  blade  passage.  This  is  a disappointing  conclusion  in  that  it  suggests 
that  placing  calculation  pianos  within  the  blade  row  and  thereby  refining  the  grid,  will  not  necessarily 
give  a numerical  solution  for  the  flow  pattern  which  approaches  the  actual  flow.  As  the  grid  is  refined, 
the  solution  approaches  the  exact  mathematical  solution  for  the  flow  model,  but  it  is  known  that  the  flow 

model  cannot  fully  represent  the  local  passage  averagod  flow.  Horlock  and  Marsh  did  not  estimate  the 

difference  between  the  flow  calculated  for  the  mean  stream  surface  and  the  averaged  actual  flow;-  it  is 
possible  that  the  difference  is  small  and  that  the  failure  to  obtain  an  exact  local  representation  has 
little  effect  on  the  overall  accuracy  of  flow  calculations  for  turbomachines.  A mean  stream  surface 
which  has  the  correct  inlet  and  exit  flow  angles  will  give  the  correct  overall  changes  of  flow  across 
the  blade  row  and  the  shape  within  the  blade  passage  should  be  chosen  to  be  representative  of  the  S2 
stream  surfaces. 
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A COMPARISON  OF  THE  MATRIX  AND  STREAMLINE  CURVATURE  METHODS 

The  most  comprehensive  comparison  of  the  two  methods  of  solution  is  that  of  Davis  and  Millar  (11)  who 
have  compared  solutions  for 

(a)  a duct  flow, 

(b)  a transonic  fan,  and 

(c)  a three  stage  axial  flow  compressor. 

They  found  little  difference  in  the  difficulty,  or  ease,  of  programming,  bu+  the  matrix  method  required 
about  50%  more  high  speed  storage  in  the  computer.  The  matrix  method  converged  within  a few  iterations 
whereas  the  streamline  curvature  program  required  40  to  60  iterations,  probably  due  to  difficulty  m 
calculating  the  curvature  of  the  streamlines.  The  net  result  was  that  the  matrix  method  required  less 
computer  time.  Their  conclusion  was  that  there  was  a marginal  advantage  for  the  matrix  method  on  the 
grounds  of  greater  stability  and  accuracy.  It  was  surprising  that  their  paper  attracted  very  little 
discussion  from  other  users. 

A CONSISTENT  LOSS  MODEL  FOR  THE  MATRIX  METHOD 


I 


i 


The  through-flow  analysis  has  been  based  on  the  following  six  equations,  continuity  (1),  motion  (3), 
energy  (1),  and  sta*3  (1).  These  are  the  equations  for  a reversible  adiabatic  flow  and  from  the  equatioi s 
of  motion  and  energy,  it.  can  be  shown  that  entropy  remains  constant  along  a streamline.  This  is  contiary 
to  the  use  of  a loss  model  since  a loss  oi  stagnation  pressuie  on  passing  through  a cascade  requires 
an  increase  m entropy. 
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Bosman  and  Marsh  (12)  have  examined  this  problem  and  have  suggested  the  use  of  a loss  model  in  which 
a dissipative  force  D opposes  the  velocity  vector.  For  the  flow  on  a prescribed  stream  surface,  they 
define  an  S-n-N  coordinate  system  as  shown  in  Figure  2.  The  body  force  F acts  in  the  n direction,  the 
dissipative  force  D opposes  the  velocity  vector  and  the  equation  of  motion  for  the  N direction  does  not 
contain  a component  of  either  F or  D.  For  flow  on  tne  mean  stream  surface,  there  are  six  governing 
equations , 

1.  continuity, 

2.  motion  i in  the  N direction), 

3.  entropy  (the  loss  model), 

4.  geometrical  condition  for  the  flow  to  follow  the  surface, 

5 . energy , 

6.  state. 


Bosman  and  Marsh  show  that  the  equation  of  motion  for  the  N direction  can  be  written  in  terms 
g,  z coordinate  system.  The  analysis  leads  to  a modified  form  of  Wu’s  principal  equation. 


of  the  r. 


(32) 


This  equation  can  be  solved  by  the  matrix  method  described  earlier.  By  formulating  the  principal 
equation  in  the  r,  g,  z coordinate  system,  the  existing  matrix  through-flow  programs  can  easily  be 
modified  to  include  this  consistent  loss  model. 


TIME  MARCHING 


For  the  flow  in  a duct  or  nozzle,  the  governing  equations  are  elliptic  for  subsonic  flow,  M,„  <■  1 , 
and  hyperbolic  for  supersonic  flow,  Mm  > 1 . This  means  that  both  the  matrix  through-flow  and  the 
streamline  cur"ature  methods  can  be  used  for  calculating  subsonic  axially  symmetric  duct  flows,  including 
swirl . 


If  the  flow  in  a duct  or  nozzle  is  supersonic,  then  the  governing  equations  become  hyperbolic  and 
the  method  of  solution  differs  from  that  for  elliptic  equations.  For  a convergert-divergent  nozzle 
operating  at  a high  pressure  ratio,  the  upstream  flow  may  be  subsonic,  the  sonic  velocity  occurs  at  the 
throat,  there  is  a region  of  supersonic  flow  followed  by  a shock  and  a downstream  region  of  subsonic 
flow  to  reach  the  required  exit  pressure.  The  boundaries  for  the  region  of  supersonic  flow  are  not  known 
in  advance,  but  form  part  of  the  solution.  A method  of  solution  is  required  which  can  deal  with  subsonic 
and  supersonic  flows  and  locate  the  correct  position  and  strength  of  any  shock. 

Although  the  equations  for  steady  flow  are  elliptic  for  subsonic  flow  and  hyperbolic  for  supersonic 
flow,  the  equations  for  unsteady  flow  are  always  hyperbolic.  This  suggests  that  if  the  time  dependent 
equations  of  continuity,  motion  and  energy  are  used,  then  the  same  method  of  solution  may  be  applicable 
to  both  subsonic  and  supersonic  flows.  The  steady  state  flow,  with  regions  of  supersonic  and  subsonic 
flow,  is  then  regarded  as  the  ultimate  steady  state  for  the  time  dependent  flow.  The  basic  technique  is 
to  start  with  an  approximate  solution  and  then  to  integrate,  or  march,  the  time  dependent  equations 
forward  in  time  until  the  steady  state  solution  is  reached  with  sufficient  accuracy.  A major  problem  is 
stability  and  this  is  often  achieved  by  taking  very  small  time  steps,  or  by  introducing  artificial 
viscosity . 
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In  1971,  Marsh  and  Merryweather  (13)  described  a stable  time  marching  technique  which  . '"S  based  on 
finite  differences  and  did  not  rely  on  the  me  of  artificial  viscosity  to  achieve  stability.  It  was 
found  that  several  stable  procedures  could  be  developed  for  flow  in  convergent-divergent  nozzles.’  The 
char? cteristic  feature  of  the  stablf  schemes  was  that  the  derivatives  of  all  quantities  other  than 
procure  were  ai  proximated  by  backward  differences,  while  the  derivative  of  pressure  contained  a forward 
element.  Figure  3 shows  the  contours  of  constant  Mach  number  for  flcv’  in  a two  dimensional  divergent 
nozzle,  ref.  (13).  There  is  seen  to  be  a clearly  defined  shock. 

The  computer  program  developed  by  Marsh  and  Merryweather  (13)  was  relatively  slow,  some  27CO  iterations 
being  required  to  obtain  the  solution  shown  in  Figure  3 to  an  accuracy  of  0.01  per  cent.  Further  work  by 
Daneshyar  and  Glynn  (14)  has  been  based  on  the  method  of  characteristics  and  this  has  led  to  a much  faster 
method  of  calculation.  This  method  has  been  extended  by  Glynn  to  deal  with  cascade  flows. 

In  1972,  McDonald  (15)  used  a time  marching  method  to  calculate  the  pressure  distribution  around 
aerofoils  in  cascade.  The  problem  was  formulated  in  terms  of  a finite  area  approach  which  led  to  the 
conservation  equations  in  an  integral  form.  The  flow  was  assumed  to  be  lsentropic  on  the  grounds  that 
only  weak  shocks  are  normally  encountered  in  cascades.  McDonald  obtained  very  good  agreement  between 
his  calculated  pressure  distribution  and  that  measured  in  the  experimental  cascade.  The  use  oi  the 
isentropic  flow  assumption  is  interesting  in  that  Marsh  and  Merryweather  had  tried  this  same  assumption 
for  purely  subsonic  flows  and  had  experienced  a severe  numerical  instability,  which  was  removed  by  allowing 
the  program  to  calculate  for  itself  that  the  flow  was  isentropic. 

In  1974,  Denton  (16)  proposed  a time  marcning  scheme  for  cascade  flows  using  a simpler  grid  than  that 
of  McDonald.  Denton's  grid  consists  of  quasi-streamlines  and  straight  lines  across  the  blade  passage. 

The  conserva  ion  equations  for  mass,  momentum  and  energy  are  derived  for  a control  volume.  Instead  of 
assuming  isentropic  flow,  Denton  assumes  constant  stagnation  enthalpy,  an  assumption  which  becomes  exact 
when  the  solution  converges  to  the  steady  state  flow.  In  Denton's  scheme,  the  pressure  at  the  central 
point  of  an  element  is  assumed  to  act  on  the  upstream  face  of  the  element,  whereas  the  velocity  at  the 
centre  controls  the  flow  through  the  downstream  face.  The  maximum  time  step  for  this  scheme  is  far 
greater  than  for  the  method  of  Marsh  and  Merryweather  (13). 

Denton  has  applied  his  time  marching  method  to  calculating  the  blade  to  blade  flow  in  several 
cascades  and  has  obtained  encouraging  results.  He  has  also  extended  the  method  to  three-dimensional 
flows,  although  this  does  require  a large  amount  of  high  speed  store  in  the  computer.  The  predictions 
obtained  with  this  program  have  been  compared  with  experiments  performed  with  a rectangular  duct  having 
60°  of  turning.  Good  agreement  was  obtained  between  the  calculated  and  experimental  pressure  variations 
for  the  four  corners  of  the  duct.  This  time  marching  scheme  should  be  capable  of  extension  to  deal  with 
three-dimensional  flow  in  cascades. 

THE  LOSS  MODEL 

When  calculating  the  flow  m a turbomachine,  it  is  necessary  to  estimate  the  loss  of  relative 
stagnation  pressure,  or  the  entropy  change,  on  passing  thre  -h  each  blade  row.  This  problem  is  perhaps 
best  phrased  in  terms  of  entropy  in  that  it  is  then  clear  that  the  effect  of  loss  m a multi-stage 
machine  is  cumulative.  It  is  the  radial  gradient  of  entropy  which  enters  directly  in  the  governing 
equations  for  the  matrix  method.  As  the  flow  passes  through  each  blade  row,  then  for  adiabatic  flow,  the 
entropy  steadily  increases  along  the  streamlines.  For  flow  through  an  isolated  blade  row,  the  change  m 
entropy  and  the  entropy  gradient  are  small  and  have  little  effect  on  the  flow.  However,  m a multi-stage 
machine,  the  flow  passes  through  many  blade  rows,  there  is  a large  change  of  entropy  and  the  entropy 
gradient  term  becomes  more  important.  For  the  multi-stage  machine,  the  accurate  prediction  of  performance 
is  dependent  on  forming  a good  loss  model  for  each  blade  row. 

The  early  through-flow  programs  used  a polytropic  efficiency  as  a simple  method  for  including  losses 
m the  calculation.  This  was  quickly  superseded  by  incorporating  Lieblein's  (17)  loss  correlation  as  a 
subroutine  which  could  be  replaced  as  better  data  became  available.  Lieblein  studied  the  flow  in  two 
dimensional  cascades  and  found  that  the  ratio  of  the  wake  momentum  thickness,  0,  to  the  blade  chord,  c, 
could  be  correlated  with  the  loss  coefficient  u>, 
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The  losses  m this  model  are  caused  by  fluid  friction,  flow  separation  and  wake  mixing.  In  the  discussion 
of  Lieblein's  paper,  Klapproth  suggested  the  use  of  a modified  equivalent  diffusion  factor  which  included 
the  effect  of  a change  of  axial  velocity  across  the  blade  row  and  a radial  movement  of  the  streamlines . 

Later  Swan  (18)  showed  that  a similar  correlation  to  that  of  Lieblem  could  be  obtained  for  compressor 

data.  Swan's  correlation  is  in  two  parts,  the  first  relating  9/c  to  the  equivalent  diffusion  factor 
D0q  at  the  minimum  loss  condition, 


the  asterisa  denoting  minimum  loss.  The  second  part  was  a correlation  for  operation  away  from  minimum  loss, 


which  gave  ci«"ts  which  wore  independent  of  radial  position,  but  very  dependent  on  Mach  number.- 

Swan  also  suggesUd  that  the  loss  mode,  could  be  extended  to  transonic  blade  rows  by  adding  a shock 
loss  co<,  tficient,  , directly  to  the  profile  loss  coefficient,  predicted  from  £>eq. 


CO 


(ratal 


- o>s  * 


The  Swan-Lieblein  loss  model  ha3  been  found  to  give  satisfactory  agreement  between  the  predicted  and 
observed  performance  of  compressors.  However,  these  correlations  are  best  regarded  as  a temporary 
approximation  for  the  loss  model,  a starting  point  which  must  be  revised  as  more  data  becomes  available. 

ANNULUS  WALL  BOUNDARY  LAYERS 

As  the  flow  passes  through  a tarbomachlne , boundary  layers  develop  on  the  hub  and  tip  casings. 

These  wall  boundary  layers  can-e  a reduction  m flow  area  and  as  shear  layers,  they  give  rise  to  secondary 
flow  when  the  flow  is  turned.  Separation  may  also  occur  causing  an  end  wall  stall.  In  1967,  Stratford  (19) 
put  forward  a simple  method  for  calculating  the  development  of  the  wall  boundary  layer,  this  being  based 
on  the  momentum  integral  equa'ion  for  the  axial  direction.  Stratford  assumed  that  the  pressure  distribution 
iround  the  blade  was  'rar.smitt'  .'chnnged  through  the  boundary  layer  and  he  did  not  consider  the  cross 
'low.  There  was  consio'rable  do  u te  about  the  validity  of  Stratford's  assumptions,  but  the  method  did 
lead  to  reasonable  predictions  t:>-  the  growth  of  the  wall  boundaiy  layer. 

In  1972,  Marsh  and  Horlook  (20)  a viewed  the  work  on  wall  boundary  layers,  including  that  of 
Stratford  and  the  theory  of  Meixcr  ana  Wood  (21).  After  examining  the  earlier  work,  it  was  suggested 
that  instead  of  assuming  that  the  erasure  was  transmitted  through  the  boundary  layer,  the  analysis  might 
be  based  on  the  passage  averaged  mean  pressure  p being  constant  through  the  boundary  layer.  With  this 
new  approach,  the  change  in  the  me. in  pressure  across  the  cascade  is  the  same  for  the  mainstream  flow  and 
for  the  boundary  layer.  It  is  shown  in  '-of.  (20)  that  this  assumption  leads  to  a variation  of  the  blade 
force  within  the  boundary  layer  and  wnen  thu  force  defect  term  is  included  in  the  analysis,  then  the 
axial  and  tangential  momentum  integral  equa*  ,ons  both  reduce  to 


i e„)  i ^ + V’  t.„  * ( o * 5* ) ib  = 


(33) 
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This  equation  is  the  same  as  chat  which  is  ob tamed  from  the  analysis  of  Mellor  and  Wood  with  the 
assumption  that  the  effective  blade  force  is  normal  to  the  mainstream  flow.  Marsh  and  Horlock  compared 
their  predictions  from  equation  (33)  and  those  of  Stratford  with  the  experimental  results  obtained  by 
Grogoiy -Smith  (22)  for  a row  of  inlet  guide  , anos , Figure  4.  For  these  highly  loaded  blades,  a turning 
of  about  64°  at  the  tip,  Stratford's  method  i3  seen  to  give  better  agreement  w->  th  the  experimental  results. 

Horlock  and  Perkins  (23)  re-examined  ‘he  assumptions  or  Bp/jz,  being  constant  through  the 

boundary  layer  ar.d  suggested  that  this  mignt  he  -placed  by  ^p/ijx  being  constant.  With  this  modification, 
the  axial  force  deficit,  is  zero  and  the  axiai  mot-ant  -im  integral  equation  is 
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which  is  tho  equation  derived  by  Stratford  (19)  in  li)c/.  The  work  of  Hcrlock  and  Perkins  provides  a 
more  rigorous  basis  for  Stratford’s  method  of  calculating  the  blockage  due  to  the  wall  boundary  layers. 

In  Part  II  of  ref.  (23),  the  authors  discus®  the  application  of  wall  boundary  layer  calculations  in 
through-flow  methods.  They  suggest  that  for  the  matrix  fciethod,  the  values  for  the  stream  function  on  the 
hub  and  tip  casings  can  be  modified  to  allow  for  the  prea^nre  oi  the  wall  boundary  layer.  The  calculation 
of  the  wall  boundary  layer  can  then  become  an  integral  port  of  the  through-flow  calculation. 

SECONDARY  FLOW 

When  a shear  flow,  such  as  a wall  boundary  layer,  is  turned  in  a cascade,  then  at  exit  from  the 
cascade  there  is  a streamwise  vorticity.  This  problem  was  analysed  by  Hawthorne  (24)  who  identified 
three  streamwise  components  of  vorticiiy  at  exit  from  a blade  row. 


1.  the  distributed  secondary  vorticity  xn  the  b'ade  passage 
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2.  the  trailuig  filament  vorticity 
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(35) 


(36) 


3.  the  trailing  shed  vorticity 
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At  exit  from  the  cascade,  a secondary  flow  stream  function  can  be  defined 


w=  ^ 

^ 3"- 

where  vn  is  the  velocity  across  the  blade  passage  in  the  yn  direction  and  w is  tne  velocity  along  the  span 
of  the  blades  in  the  z direction.  The  secondary  flow  stream  function  is  given  by 


ty.  - vy  = £ 


and  the  variatior  of  exit  flow  angle  is 


^ T 


where  q is  the  velocity  in  the  direction  of  the  mainstream  flow.  Experiments  with  linear  cascades  have 
shown  good  agreement  between  Hawthorne's  theory  and  the  measured  variation  of  exit  flow  angle. 

An  alternative  approach  to  secondary  flow  theory  has  been  given  by  Came  and  Marsh  (25).  By  using 
Kelvin's  circulation  theorem,  expressions  were  derived  for  the  distributed  secondary  and  trailing 
filament  vorticities  which  agreed  with  Hawthorne's  analysis.  However,  a new  expression  was  obtained  for 
the  trailing  shed  vorticity, 


£ = [Sin  2**  “ Su  2*,]-  t Cos 

2 Gs«  1 J 


Came  and  Marsh  showed  that  with  this  new  expression  for  EShed>  the  .trength  of  the  trailing  vortex  sheet 
was  entirely  consistent  with  the  calculated  value  for  the  secondary  —^locity,  yj,  along  the  span  of  the 
blades.  The  new  theory  also  removed  certain  anomalies  from  secondary  flow  theory. 

Figure  5 shows  the  vacation  of  exit  angle  for  a cascade  at  N.G.T.E.,  tested  by  Dr.  S.L.  Dixon.  The 
cascade  date  is  a\  = 0°,  <*2  = “62.4°  and  j/s*  = 0.60.  The  inlet  boundary  layer  was  25  mm  in  thicknjss 
with  a l/7th  power  law  profile.  In  order  to  avoid  a discontinuity  in  the  normal  component  of  vorticity 
at  the  edge  of  the  boundary  layer,  the  calculations  have  been  based  on  a smoothed  profile  with  the  same 
displacement  thickness  and  zero  slope  at  the  edge  of  the  boundary  layer.  The  theoretical  variation  in 
the  exit  flow  angle  is  seen  to  be  in  good  agreement  with  the  measured  values. 

Using  Dixon's  data,  Dunham  (26)  has  calculated  the  pitch  averaged  streamwise  vorticity  | for  the 
downstream  flow  and  this  can  be  compared  with  the  theoretical  values;. 

(a)  Hawthorne 
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(b)  Came  and  Marsh 
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In  Figure  6 the  experimental  results  are  seen  to  lie  close  to  the  curve  predicted  by  equation  (41).  The 
experiments  suggest  that  the  new  expression  for  -ho  trailing  shed  vorticity,  equation  (39),  gives  better 
results  for  the  vorticity  which  passes  downstream  to  the  next  blade  row. 

The  theory  of  secondary  flow  has  been  extended  to  compressible  flow  in  cascades,  ref.  (27).  The 
analysis  is  based  on  applying  Kelvin's  circulation  theorem  for  compressible  flow  to  the  flow  through  a 
cascade.  It  has  been  shown  that  for  a compressor  cascade,  a decelerating  flow,  the  effect  of  a high  inlet 
Mach  number  is  to  increase  the  distributed  secondary  vorticity.  For  a turbine  nozzle,  the  theory  indicates 
that  compressibility  has  little  effect  of  the  distributed  secondary  vorticity.  These  results  are  in 
agreement  with  the  early  work  of  Loos  (28)  on  compressible  secondary  flow. 

CONCLUS IONS 
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Although  the  method  of  through-flow  analysis  was  published  by  Wu  (1)  some  24  years  ago,  it  is  only 
within  the  past  eleven  years  that  digital  computers  have  become  sufficiently  large  and  fast  to  allow  the 
method  to  be  applied.  This  paper  has  reviewed  the  progress  which  has  been  made  since  1965  with  the 
streamline  curvature  and  matrix  through-flow  methods.  It  has  be -n  shown  that  although  these  two  methods 
were  developed  independently,  they  can  be  regarded  as  two  different  methods  for  solving  the  sane  governing 
equations  for  flow  on  the  same  mean  stream  surface . The  continued  use  of  both  methods  over  a period  of 
eleven  years  indicates  that  neither  has  shown  sufficient  superiority  to  become  the  accepted  method  of 
solution  for  turbomachinery  flows . 

With  the  two  methods  of  through-flow  analysis,  it  is  now  possible  to  estimate  the  performance  of  a 
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turbomaohine  operating  on-design  or  off-design.  However,  the  accuracy  of  the  predictions  is  dependent 
on  the  mathematical  model.  There  remains  a need  for  more  accurate  methods  for  estimating  the  losses,  for 
calculating  the  development  of  the  wall  boundary  layer  and  for  predicting  the  secondary  flows.  These  are 
all  areas  of  current  research  and  we  may  expect  further  Improvements  in  through-flow  analysis  during  the 
next  few  years . 

The  devel<-oment  of  time  marching  methods  has  been  discussed  in  this  paper.  This  technique  is  now 
being  applied  to  transonic  cascade  flows  and  also  to  flow  in  three-dimensional  ducts.  It  is  likely  that 
within  the  next  year,  solutions  will  be  obtained  for  three-dimensional  flow  in  linear  and  annular  cascades. 
However,  this  does  not  imply  that  a numerical  solution  can  be  obtained  for  three-dimensional  flow  in  a 
multi-stage  turbomachme . For  a multi-stage  machine,  the  relative  flow  in  each  blade  row  is  time 
dependent  and  the  numerical  solution  would  require  a very  large  computer  and  a time  marching  program 
capable  of  calculating  the  unsteady  flow.  This  may  become  technically  feasible  within  the  next  few  years, 
but  it  is  doubtful  whether  our  understanding  of  the  physical  flow  will  be  sufficient  to  support  this 
advance  m computation  techniques . 
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Fig.  1(a)  Distorted  grid.  (6) 
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Fig,  Kb)  Improved  grid 
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COMMENTS 


Comment  by  H.J.Cox,  C.E.G.B.,  UK 

I have  a lew  comments  on  Dr  Marsh’s  paper.  First,  the  effect  of  curvature.  We  would  agree  that  under  normal 
conditions,  the  curvature  term  is  fairly  small.  This  is  largely  due  to  the  fact  that  the  pressure  gradient  is  dominated 
by  the  tangential  velocity  and  slope  terms.  If  you  extend  the  streamline  solution  into  duct  regions,  where  the  swirl 
velocities  are  low  and  slopes  not  so  high,  you  can  run  into  convergence  problems  because  curvature  effects  provide 
the  dominant  term.  Secondly,  the  question  of  uniqueness  of  solution.  The  streamline  curvature  program  always 
solves  this  uniqueness  problem  because  it  has  a given  position  of  streamline  at  inlet  and  outlet,  and  from  those  two 
positions  it  makes  an  assumption  as  to  where  the  throat  is.  If  one  defines  another  way  of  joining  the  two  points  (at 
inlet  and  outlet)  one  finds  another  solution.  If  one  could  leave  the  position  of  the  throat  free  relative  to  the  two 
end  points,  then  the  streamline  curvature  program  would  have  exactly  the  same  non-uniqueness  problem  as  the  matrix 
through  flow  programs. 

Another  point  that  I want  to  mention  is  the  secondary  flow  problem.  In  this  context,  when  talking  about  large 
diameter  ratio  turbines  at  high  Mach  numbers,  we  believe  that  concentrated  secondary  flows  do  not  exist  at  root  and 
tip  but  appear  to  be  merged  into  the  overall  losses  almost  just  downstream  of  the  blade.  We  find  in  a lot  of  traverses, 
and  Dr  Denton  has  published  similar  data,  that  it  is  very  difficult  to  distinguish  the  existence  of  concentrated  loss 
cores,  and  it  is  also  difficult  on  downstream  traverses  to  see  the  overturning.  This  effect  possibly  arises  from  the  fact 
that  the  static  pressure  gradient  in  the  main  flow  is  very  large,  while  the  corresponding  static  pressure  gradient  in  the 
wake  is  negligible,  and  there  are  enormous  static  pressure  difference"  acting  in  the  system  which  can  produce  strong 
radial  flows  in  the  wake.  Unless  in  time  marching  methods,  or  in  any  other  method  of  calculating  secondary  flows, 
one  docs  not  introduce  the  effect  of  this  radial  motion,  one  will  not  calculate  correctly  the  secondary  flows  in  high 
Mach  number  situations.  Concerning  Gclder’s  approach,  i think  that  your  remark  is  rather  optimistic.  We  use  a 
method  based  on  Gelder’s  approach  and  we  always  appear  to  get  a breakdown  at  Mach  number  one,  and  consequently 
we  restrict  our  Gelder  technique  to  Mach  numbers  lower  than  one. 

Finally,  1 have  mentioned  in  my  own  paper  at  off  designs  one  cannot  use  streamline  curvature.  The  flows  in  an 
off  design  situation  have  broken  away  from  the  walls.  Russian  data  has  demonstrated  that  immense  curvatures  and 
slopes  are  produced  and  that  one  cannot  rely  on  any  method  of  computing  performance. 

Authors’  response: 

First  of  all,  I am  rather  pleased  by  what  you  said  about  curvature,  because  I feel  that  curvature  is  important. 

In  my  paper,  I was  merely  trying  to  argue  from  implication  that  the  level  of  agreement  which  has  been  obtained  by 
the  manufacturers  who  have  only  computing  stations  between  the  blade  rows  is  so  good  that  it  might  not  be  important 
to  go  further.  With  regard  to  uniqueness,  I agree  entirely  with  you.  For  the  secondary  flows,  the  NGTE  cascade  was 
turning  the  flow  through  62°,  and  we  still  managed  to  obtain  good  agreement  with  our  calculation.  What  is  then  the 
difference  between  this  experiment  and  the  tests  which  have  been  conducted  by  Dr  Denton  and  have  shown  a large 
transfer  in  the  whole  region?  i 

Finally,  my  remarks  on  Gcldcr’s  work  were  based  on  calculations  made  by  Gelder  himself.  One  or  two  other 
people  have  managed  to  get  the  calculation  through  Mach  numbers  greater  than  unity,  but  how  much  greater,  I do 
not  know.  Gelder  went  to  a Mach  number  of  about  1.2. 

Comment  by  J.W.Railly,  University  of  Birmingham,  UK 

There  arc  two  small  points  that  I want  to  take  on.  The  first  one  concerns  the  legitimacy  of  equation  14  which 
states  the  normality  of  the  blade  force  with  the  relative  velocity  vector.  I suggest  that  this  is  only  permissible  when 
tne  prior  assumption  is  made  of  very  closely  pitched  blades.  In  the  general  case  of  a large  pitch  of  a blade,  it  can 
be  shown  that  the  arithmetic  mean  velocity  direction  is  different  from  the  inclination  of  this  blade  surface.  The 
implication  of  equation  14  is  that  it  is  because  of  the  influence  of  secondary  flows  which  the  computation  show  to 
extend  far  in  the  free  stream,  as  in  the  experiment. 

The  second  point  is  that,  in  regard  to  the  anulus  wall  boundary  layer  solution,  we  must  recognize  that  the  non 
zero  axial  blade  force  deficit  is  necessary  to  account  for  the  steady  How  in  a multistage  machine  of  identical  blades 
as  shown  by  Leroy  Smith. 

Authors’  response: 

For  the  first  point,  one  has  to  distinguish  very  clearly  between  the  blade  surface  and  the  mean  stream  surface. 

I pointed  out  that  there  is  a problem  in  trying  to  define  that  surface.  If  we  just  assume  for  the  moment  that  we  can 
do  it,  I will  accept  that  this  surface  may  differ  significantly  from  the  shape  of  the  blade.  What  equation  14  is 
expressing  is  that  the  force  vector  must  be  normal  to  the  stream  surface  and  that  it  is  required  to  make  the  flow 
follow  the  surface.  The  mean  surface  will  certainly  differ  from  the  blade  surface  for  wide  pitched  blades.  For 
closed  spaced  blade,  it  will  look  just  like  the  blade.  Referring  to  the  secondary  flows,  you  have  pointed  out  one  of 
the  anomalies.  If  you  calculate  the  secondary  velocity  component  using  conventional  secondary  flow  theories,  you 
will  find  that  the  secondary  velocities  extend  out  into  the  main  stream.  If  one  looks  at  the  conventional  expressions 
derived  for  the  trailing  filament  and  trailing  shed  vorticity,  they  arc  both  proportional  to  £n  , the  normal  component 
of  vorticity  and  these  only  exist  within  the  shear  layer.  There  is  thus  a basic  inconsistency  in  the  conventional  theory. 
It  is  only  when  you  go  to  this  new  theory  using  Kelvin’s  theorem  that  you  resolve  that  difficulty.  Finally,  I agree 
that  the  non  zero  axial  force  deficit  should  be  taken  into  account.  It  is  just  that  the  simplified  Stratford  approach 
gives  good  agreement  between  experiment  and  Ihcories.  The  other  methods  which  consider  this  deficit  have  all  done 
badly. 
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Comment  by  H.H.Friihauf,  TH  Stuttgart,  Germany 

Regarding  the  definition  of  the  mean  stream  surface,  it  can  be  shown  that  when  one  integrates  the  three- 
dimensional  equation  for  the  compressible  tlow,  with  the  assumption’s  that  the  local  flow  quantities  deviation  are 
small  with  respect  to  the  avera0cd  ones,  and  use  infinitely  thin  three-dimensional  blades,  the  mean  blade  surface 
having  the  same  geometry  leads  to  the  same  axisymmetric  flow  as  defined  by  Lorenz,  by  integration. 

Authors’  response: 

Tins  would  be  true  for  lightly  loaded  blades  only. 


Comment  by  U. Stark,  TH  Braunschweig,  Germany 

You  gave  three  expressions  for  the  distributed,  static  and  filament  vorticity,  assuming  constant  AVR.  What  can 
be  the  improvement  on  the  outlet  angle  prediction  that  can  be  obtained,  using  the  formulae  that  you  have  defined 
for  the  AVR? 

Authors’  response: 

For  the  NGTE  case  that  we  treated,  we  got  about  75%  of  the  underturning.  Using  the  AVR  correction  (as 
streamtube  area)  one  gets  a slight  improvement,  but  not  very  much. 
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SUMMARY 


The  inviscid  flow  field  in  the  meridional  (hub-to-shroud)  plane  of  an  a 
compressor  is  solved  by  a f ini te-di f f er ence  technique  which  employs  matrix  i 
The  viscous  flow  effects  are  accounted  for  by  using  empirical  data,  and  the 
of  the  compressor  is  determined  by  an  Interactive  solution. 


xial 

nver  s ion  . 
performance 


This  paper  describes  the  loss  and  deflection  system  which  is  used  to  mode.’  the 
effects  of  blade  passage  and  end  wall  losses,  and  of  blade  passage  deflection  of  the 
working  fluid.  The  manner  in  which  this  system  interacts  with  the  matrix  inviscid 
solution  is  described.  The  results  of  the  test  cases  which  were  supplied  for  the  meeting 
are  discussed. 


LIST  OF  SYMBOLS 

A area 

a speed  of  sound 

a constant  in  diffusion  factor  relation 

b exponent  in  deviation-angle  relation 

c chord  length 

Cp  specific  heat  at  constant  pressure 

D diffusion  factor 

D ^ equivalent  diffusion  factor 

f function 

g dimensional  constant 

’o 

i incidence  angle,  angle  between  inlet 
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mean  camber  line  at  leading  edge. 


i incidence  angle  of  uncambered  blade 
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ss  tangent  to  the  suction  surface  at 

the  leading  edge 

constant  in  diffusion  factor  relation 

K blade  profile  shape  correction 

sh  factor 

K blade  profile  thickness  correction 

factor 

M Mach  number 

m mass  flow  rate  (kg/sec) 

m factor  in  deviation  angle  relation 

Pq  stagnation  pressure 

p static  pressure 

r percent  blade  height 

r leading  edge  radius 

R radius  (from  axis  of  rotation) 

R gas  constant 

<3 

R suction  surface  radius  of  curvature 
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S entropy 

T temperature 
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8 wake  momentum  defect  thickness 

0 strength  of  Prandtl -Meyer  expansion 
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axial  direction 
v Prandtl-Meyer  angle 
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1 .  INTRODUCTION 

The  techniques  for  design  or  analysis  of  the  flow  in  axial  flow  turbomachinery  have 
been  highly  developed  over  the  past  ten  years.  With  large  high  speed  computers  it  is 
possible  to  calculate  in  some  detail  the  flow  and  performance  of  a mathematical  model  of 
an  axial  flow  compressor  which  has  speed  lines  and  velocity  profiles  quite  similar  to  an 
actual  compressor.  This  is  done  by  using  an  inviscid  flow  calculation  technique,  together 
with  an  empirical  stagnation  pressure  loss  and  flow  deflection  model.  In  particular,  if 
the  loss  and  deflection  model  is  made  "adjustable",  it  can  be  individually  tuned  for  each 
compressor  so  as  to  reproduce  that  compressor's  performance  with  considerable  fidelity. 
Whether  or  not  a general  model  can  be  produced  which  will  deal  with  a variety  of  compressor 
types  effectively  over  a wide  i-ange  of  off-design  conditions,  will  perhaps  Le  discovered 
as  a result  of  the  test  cases  being  run  for  this  symposium.  The  authors  of  this  paper 
attempted  unsuccessfully  for  some  years  to  find  such  a general  loss  and  deviation  model, 
and  reluctantly  concluded  that  the  search  was  probably  a vain  one.  We  hope  that  we  were 
wrong  to  so  conclude . 


2.  INVISCID  FLOW  FIELD  COMPUTATION 


i 


I 

i 


The  matrix  through-flow  method,  which  is 
used  for  the  inviscid  flow  calculation  in  this 
model,  has  been  described  in  detail  elsewhere 
(1,  2),  so  only  an  outline  is  given  here. 


FIGURE  I . MATRIX  GRID  AMO  COORDINATE  SYSTEM 


The  matrix  technique  involves  covering 
t.'p  region  of  interest  with  a fixed  irregular 
grid  as  shown  in  Figure  (1),  and  writing  a 
finite  difference  approximation  to  the 
principal  equation  (equation  (1))  at  every 
interior  grid  point. 


o 

L± 

3x2 


i l±  = q(x,  y,  il.il) 

2 ,y,3x'3y 

°y 


(i) 


This  will  result  in  one  algebraic 
equation  for  every  interior  grid  point  in 
terms  of  the  stream  function  at  that  and 
neighboring  points.-  This  system  of 
equations  can  be  expressed  in  matrix  form 
as  : 


[A]  [<(-]  = [Q]  (2) 

where  [A]  is  the  coefficient  matrix  derived  from  replacing  the  differential  operator 
V*(q),  [i)<]  is  the  vector  of  unknown  stream  function  values,  and  [Q]  is  the  vector  of  the 

quantities  a(x,y)  from  equation  (1)  and  the  boundary  values. 

Since  the  right  hand  side  of  equation  (2)  is  a function  of  i|i  and  its  derivatives,  the 
system  of  equations  is  nonlinear  and  must  be  solved  iteratively,  that  is,  by  first 
estimating  [i|j]  , computing  [ Q I , and  then  repeatedly  solving  equation  (2)  for  (i|i).'  The 
value  for  [Q]  is  improved  each  i ceration  using  the  previous  value  of  [ifj]  . 


Since  [A]  is  a function  of  the  grid  shape  only,  it  need  be 
once.  This  is  done  by  factoring  (A] , which  is  a square  banded 
matrices  [L]  and  [U]  and  saving  these  matrices  on  tape  or  disc 
for  successive  iterations  and  different  boundary  conditions, 
time  when  successive  calculations  with  different  flow  rates  or 
with  a fixed  machine  geometry,  such  as  in  the  calculation  of  a 


computed  and  inverted  only 
matrix,  into  triangular 
. They  can  then  be  used 
This  feature  saves  computer 
conditions  must  be  made 
compressor  map. 


This  method  offers  fast  convergence,  second  or  third  order  accuracy,  and  stability  at 
high  flow  rates  and  machine  speeds. 

The  advantages  and  disadvantages  of  this  technique  compared  to  the  streamline  curvature 
memod  are  discussed  in  (3),  but  the  authors  have  felt  for  some  time  that  is  is  the 
cascade  model,  which  is  described  in  the  next  section,  which  deserves  the  most  attention. 

In  fact,  as  will  be  pointed  out  later,  the  same  cascade  model  is  used  in  conjunction  with 
both  inviscid-f low  computation  techniques. 


3 .  THE  CASCADE  MODEL 

The  cascade  model  must  meet  two  requirements.  When  the  main  program  is  operating  in 
the  "design "mode , the  model  must  determine  the  cascade  blade  inlet  and  outlet  angles 
which  will  produce  the  minimum  lost,  and  will  provide  the  desired  outlet  angle,  and  it^ 
must  determine  this  minimum  1.;:.  ^That  is,  it  must  find  the  minimum-loss  incidence,  i , 
and  the  corresponding  deviation,  6 , for  the  velocity  diagrams,  type  cf  blading,  and 
spanwise  location  of  the  blade  section  concerned.  When  the  main  program  is  operating  in 
the  "analysis"  or  "off-design"  node,  the  cascade  model  must  determine  the  incidence  onto 
the  blading,  as  already  specified,  and  the  corresponding  loss  and  deviation.  Cascade 
terminology  is  shown  in  Figure  2. 
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Various  loss-and-deviation  correlations  were 
previously  examined  and  tested,  and  the  most  Figure  2 

complete  and  well-proven  at  that  time  (1972)  were  Cascade  Term(no|0gy 

chosen  to  build  into  the  cascade  model.  In 
selecting  these  correlations,  we  felt  that  it 
was  important  that  the  model  have  the  following  { 
capabilities  and  characteristics.  jh 

(a)  It  must  be  able  to  give  data  for  the 
standard  blade  sections,  65-series, 

C-series,  and  D.C.A.  (double  circular 
arc),  for  which  reasonably  extensive 
low-speed  data  existed. 

(b)  It  should  be  compatible  with  the 
inviscid-f low  model,  using  as  input  the 
velocities,  etc.,  which  that  model 
generated,  and  providing  as  output  the 
appropriate  pressure  loss  and  flow 
deflection  or  outlet  angle. 

(c)  It  should,  if  possible,  compensate  for 
Reynolds  number  and  Mach  number 
variation,  including  shock  losses  at 
supersonic  inlet  speeds. 

(d)  It  should  allow  for  non-uniform  axial  velocity  through  the  cascade  (AVR  - axial 
velocity  ratio). 

(e)  It  should  include  secondary  losses,  and  effects  of  tip  clearance  or  tip  leakage 
on  losses,  at  least. 

In  searching  for  correlations  which  would  meet  these  criteria,  it  soon  became  apparent 
that  the  bulk  of  available  information  was  based  on  low  Mach  number,  two-dimensional 
cascade  tests,  and  that  limited  data  was  available  on  the  effects  of  Mach  and  Reynolds 
number,  and  practically  none  on  the  effect  of  axial  velocity  ratio,  except  in  its 
implicit  effect  on  measurements  made  in  full  scale  compressors.  Consequently,  the  cascade 
model  described  here  is  still  relatively  crude,  and  reflects  the  need  for  more  experimental 
data,  especially  at  high  Mach  numbers. 

The  cascade  model  is  described  briefly  in  the  following  section.  Further  details  can 
be  found  in  reference  (4). 

3.1  The  Design  Point  Correlations 


The  input  required  for  the  design  point  correlations  are  the  cascade  solidity, 
blade  section  and  thickness,  and  the  flow  angles  determined  by  the  inviscid-f low  analysis. 


3.1.1  Minimum  Loss  Incidence 

t The  correlation  given  in  NASA  SP36(5)  is  used  to  find  the  minimum-loss 
incidence,  i , for  subsonic  entry  flows.  This  gives  the  incidence  for  low  speed  2-D 
cascades  as: 


i = K ,K  , 
sh  t o 


(3)  where : i - i 6,  ,c ) , 

o o 1 

* 

n = n (8^  ,o  ) , 


Ksji,K^are  shape  and  thickness  factors 
8 and  o are  fljw  inlet  angle  6 solidity 

For  sonic  or  supersonic  entry,  the  minimum-loss  incidence  is  assumed  to 
correspond  to  the  inlet  velocity  being  tangent  to  the  suction  surface  at  the  blade  inlet 
(assuming  a sharp  leading  edge  blade)-.- 

* -l,4.tm  sin  4.  . -l,_tm. 

i = tan  (t-  — *-)  = tan  (2 — ) ■ 

ss  4 c 2 c 

For  inlet  Mach  numbers  between  0.5  and  1,  a sine  function  is  used  to 
interpolate  between  i and  i . 

3.1.2  Deviation  at  Minimum-Loss  Incidence 


t 

ills 

lit 
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Similar  to  design  incidence,  NASA  SP36(5),  presents  correlations  for  low 
speed,  two-dimensional  deviation  angle: 

S*  = K . K 6 + 5*1  , (4)  where:  6 = 6 (B*,o) 

sn  t o b o o 1 

° 

*"  * . and  m an<*  k are  f(8,) 
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A correction,  suggested  by  Moffatt  (6),  is  applied  for  inlet  Mach  numbers 
higher  than  the  critical  Mach  number. 

5*  - 6*  = 8(m‘  - Mx  ) 

c 

When  the  inlet  flow  is  supersonic,  the  /alue  of  the  exit  Mach  number  from 
the  leading  edge  shock  is  used  for  M^ . 

3.1.3  Total  Pressure  Loss  Coefficient  at  Design 

The  profile  loss  is  determined  from  Monsarrat's  curves  (7)  of  wake 
momentum  thickness  as  a function  of  diffusion  factor.  He  gives  different  functions  for 
rotors  and  stators  as  shown  in  Figure  (3) 


Flgur*  3a 

Monssrrat  Des  in  Los?  for  Rotors 

% span 


Figure  3b 

Monsorrat  Design  Loss  for  Sinters 


This  correlation  is  used  for  two  reasons;  first,  he  shows  a variation  in 
loss  with  blade  height  where  the  minimum  loss  occurs  at  mid-span  and  increases  towards 
the  root  and  tip  of  the  blade,  which  seems  more  realistic  than  that  of  Reference  (5). 
Second,  he  gives  a different  set  of  curves  for  the  stators  which  yield  larger  values  of 
9, . Experience  has  shown  that  using  the  same  loss  curves  for  rotors  and  stators  gives 
'c  stator  losses  which  are  too  small. 


The  loss  is  given  by  curves  of  the  type, 


— * 

u>  cos8 
2c 


2_  = f (D  , R)  for  rotors. 


(5) 


= f 2 (D  , R)  for  stators, 


where : 


and  : 


(P„ 


- P 


) 


= 1 


1 2 

* 

V cosB, 

m2  1 

V cosIT 

m^  2 


Pl> 


(P 

°1 
R, cos  8 


a(R1+R2) 


[tanB, 


. V 

R^ 

R,  V 
1 m. 


tanB^ ] 


The  design  loss  is  corrected  for  Mach  number  effects  using  the  relation 
given  in  Reference  (6), 


u*  = w* (2 (M,  - M,  ) + 1 . 01 


(6) 


where  1 is  the  critical  Mach  number  for  the  blade  section  and  may  be  calculated  from  the 

value  of  V as  described  in  Reference  (6). 

max 

V, 


3 . 2 Off-Design  Correlations 


For  the  off-design  calculation  the  input  quantities  are  the  cascade  geometry  and 
the  flow  conditions  at  inlet  to  the  cascade.  The  cascade  model  provides  the  outlet  flow 
angle  and  the  outlet  stagnation  pressure. 


*<** f \ r ; *i s1*  - 
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3.2.1  Off-Desian  Deviation 


A correlation  given  by  Swan  (8)  was  chosen  for  the  variation  of  deviation 
angle  with  off-design  incidence  angle.  This  relates  uhe  change  in  deviation  to  the  change 
in  the  equivalent  diffusion  factor.  The  equivalent  diffusion  factor,  , developed  by 
hieblien  (9),  is  similar  to  the  D*  given  in  3 . 1 . 3 .- 


eq 


eq 


cos8„ 

cosg. 


* 1 43 

[.  .12  + K (i-i  ) + o.61  K] 

b 


Where:  K = 


C0S  S1  ttanB  - ^2  J^2_  tanB  ) 
a Rl”  Vm 


and  is  a constant  which  depends  on  the  blade  type. 

Swan's  equation  for  off-design  deviation,  shown  in  Figure  (4)  is  given  by: 


6 = 6 + {6.4  - 9 . 4 5 (M  - 0.6)}  (D 


eq 


- D ) . 
eq 


(7) 


6-6* 

(deg) 


Figur#  4 

Swan  Of  (Design  deviation  Variation 


Figure  5 

Swa:  Off -Design  Last  Variation 


Deq-Deq* 


3.2.2  Off-Design  Loss 


The  off-design  loss  is  the  sum  of  profile  and  shock  loss.  The  profile 
loss  is  assumed  to  vary  with  equivalent  diffusion  factor  in  a manner  suggested  by  Swan  (8)  , 
but  modified  to  reduce  the  sensitivity  of  the  loss  to  variations  in  D__.  The  correlation 


shown  in  Figure 


where : 


(5) , is  given  by : 
* 

0, 


<!>  - 


r>  = <d 


eq 


- D 


<!> 


eq 


is  related  to  w by 


Ml} 


20 


cosB 
<- 


cosS-  cosB 


eq 


(8) 


tt 


The  exponent  n was  originally  2 in  Swan's  work.  We  have  found  n>2  to  be  a 
better  value  for  most  compressors,  but  even  this  value  does  not  represent  all  compressors 
well.  The  effect  of  changing  the  exponent  n is  shown  in  Figure  (5)  for  M^  = 1.08. 

The  shock  loss  is  calculated  as  the  loss  throuo  a normal  shock  standing 
across  the  throat  of  the  blade,  similar  to  the  technique  of  Ref  rence  (10).  The  inlet 
Mach  number  to  the  shock  is  taken  as  the  average  of  the  upstream  Mach  number,  and  the  Mach 
number  following  a Prandtl-Meyer  expansion  over  the  suction  surface.  This  expansion  is 
based  on  the  turning  over  that  surface,  and  for  the  frequently  used  J-blade  sections  of 
supersonic  compressors,  the  radius  of  curvature  of  that  surface  must  be  specified.  For  a 
double  -circular-arc  blade,  the  radius  can  be  calculated  from  the  blade  geometry. 


The  Prandtl-Meyer  expansion  is  calculated  from  the  inlet  Prandtl-Meyer 
angle  y,  based  on  M^ , and  the  turning  angle  9,  calculated  as  shown  in  the  sketch  on  the 
next  page. 
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3 . 3 Reynolds  Number  Effects 

It  is  essential  to  account  for  the  increased 
loss  which  occurs  with  small  Reynolds  numbers.  Reference 
(5),  Figures  (151)  and  (152)  were  used  to  guide  this 
f crmv.lation . It  is  apparent  from  these  curves  that  it  is 
currently  impossible  to  establish  any  one  value  of 
limiting  Reynolds  number  which  will  hold  for  all  blade 
shapes.  (The  term  limiting  Reynolds  number  refers  to  the 
value  at  which  a large  rise  in  loss  is  obtained.) 

However,  the  results  of  tests  of  blade  element  performance 
anu  overall  performance  indicate  that  there  is  no 
significant  variation  in  loss  for  Reynolds  numbers 
greatei  than  2.5  x 105.  Since  the  loss  correlations  are 
based  on  data  at  Reynold  numbers  greater  than  this  value, 
no  Reynolds  number  effects  are  believed  to  exist  for  the 
data . 


■“’[sMss]-'-’ 


The  correction  to  the  total  pressure  loss  coefficient  assumes  the  following 
variation , 

(9) 


Re . . x 
— — , datum, 

u = m [ — — 1 


Re 


where  Redatum  is  the  Reynolds  number  at  which  the  loss  begins  to  be  affected  (ie.  2.5  x 10  ) 
and  x is  the  exponent  which  describes  the  variation  in  loss  (typically  0.2). 


The  blade  chord  Reynolds  n.imber.  Re,  is  given  by: 

(10) 


Re  = 


P c 


where  the  viscosity  is  given  by  Sutherlands  relation 

(2.22  x 10~8 ) g /T* 


(1.0  + i§£) 

/T 


(11) 


Both  the  datum  and  exponent  are  input  quantities. 
3 . 4 Blade  Passage  Choking 


lr=  4 


After  encountering  problems  in  the  off-design  prediction  of  choked  flow  in 
transonic  compressors,  using  the  model  described  above,  we  decided  to  attempt  to  model 
the  choking  of  the  flow  within  the  blade  passage.  Specifically,  the  amount  of  flow 
which  can  be  passed  through  any  section  of  a blade  row  depends  primarily  on  the  throat 
area  of  that  row,  and  the  upstream  conditions.  Since,  in  a quasi-three-dimensional 
analysis,  both  stagnation  flow  conditions  and  throat  area  are  known,  it  is  possible  to 
calculate  the  maximum  flow  rate  for  each  section. 

As  the  actual  flow  approaches  and  ultimately  reaches  the  choked  flow  value  for 
any  stream  tube,  there  will  be  two  effects:  first,  there  will  be  a total-pressure-loss 
associated  with  the  choking  phenomena,  and  second,  the  mass  flow  must  be  redistributed. 

By  accounting  for  these  effects,  it  should  be  possible  to  better  predict  the  near  vertical 
portion  of  the  compressor  characteristic. 


3.4.1  Choked  Flow  Calculation 


The  computation  of  the  required  throat  area  and  of  the  maximum  permissible 
mass  flow  can  be  made  for  each  section  by  assuming  one-dimensional  isentropic  flow.  Thus, 
we  have. 


A 
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S ccsgj 

d 

COSgj 
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(12) 


where : |[  A 
. A 


-br  [7+r(1+1rL  Mi)] 


Y+l 

Y-l 


(13) 


and  d is  the  throat  width,  s the  blade  spacing  and  6^  the  inlet  flow  angle. 
(12)  and  (13)  give  the  throat  area  required  for  the  given  inlet  conditions. 


Equations 
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The  maximum  mass  flow  is  given  by: 
1 

2l_  (_2_)Y'l 
Y+l  'y+1 


(PV) 


P' 


3.4.2  Geometric  Throat  Width 


(14) 


for 

arc 


The  throat  width  may  be  calculated  from  the 
the  cascade  model , if  the  shape  of  the  mean  camber  line 
and  the  throat  is  assumed  to  occur  at  the  leading  edge 


cascade  geometry,  required 
is  assumed  to  be  a circular 
as  shown  in  the  sketch  below. 


The  radius  ot  curvature  of  the  mean 
camber  line,  Rc  , is  given  by: 


R 


c 


c 

2 sin* 

f 


(IS) 


The  distance,  y,  from  the  chord  line  to  the  mean 
camber  line  is  a function  of  the  distance  x, 

y = [R2  - (x-|)2]2  - R cos*  = f(x).  (16) 

C 2 C — 

The  distance  between  the  chord  lines,  d , is  given 
by : 

d = s cos  y (17) 

c 

and  the  position  of  the  throat: 


xfc  = s sin  7 + r2  e 


(18) 


If  the  thickness  distribution  for  the  particular  blade  is  given  by: 

, t . ..  , . 

(-J— ) - , 

then  the  throat  width  can  be  computed  from, 

d = d - h - — - r,  , 
t c 2c  1 . e . 


dt  = d 


where 


-t  -c  f <Xt>  - 2 W -l.e. 

f (x)  is  given  by  Equation  (16), 


(19) 


and  the  thickness  function,  f^,  must  be  given  for  double-circular-arc,  65-Series,  and 
C-Series  blades. 


3.4.3  Implementation 


Equations  (12)  to  (19)  permit  the  .calculation  of  the  maximum  permissible 
flow  rate,  the  throat  area  required  to  pass  that  ,'iow,  and  the  geometric  (actual)  throat 
area.  As  mentioned  earlier,  these  parameters  must  be  monito'ec,  and  if  a choked  flow 
condition  is  approached,  action  must  be  taken.  Th;e  details  o;  ;his  action  depend  on  the 
computation  method,  and  at  this  point  in  time,  the  blade  pass  ijo  choking  model  has  been 
implemented  on  our  streamline  curvature  program  only.  The  shifting  of  mass  flow  by 
-imiting  the  flow  through  choked  streamtubes  is  handled  verv  nicely  by  the  streamline 
approach,  and  it  is  anticipated  that  the  matrix  approach 
could  model  the  same  behavior. 


The  increase  in  loss  due  to  choking  is 
relatively  arbitrary  as  we  know  of  no  available  data  in 
this  arpa.  However,  it  seems  reasonable  that  the  loss 
would  gradually  increase  in  some  fashion  as  shown  in  the 
sketch  to  the  right. 

Typical  values  for  n and  x are  4 and  0.05 
respectively.  It  has  been  our  experience  that  this 
approach  is  more  successful  in  predicting  the  steep  portion 
of  the  characteristic  than  by  increasing  the  negative 
incidence  profile  loss. 


(d/s)foen  (d /*)(!♦  x) 


(d/s)  geom. 
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2 . 5 Distribution  of  Lost,  and  Deflection  Through  the  Blade  Row 

The  cascade  model  was  originally  developed  for  the  Streamline  Curvature  Program 
(11),  and  was  used  essentially  unchanged  for  the  Matrix  Program.  However,  the  former  did 
not  have  axial  stations  within  the  blade  row,  whereas  the  latter  does,  and  it  is  necessary 
to  apportion  the  loss  and  turning  to  each  internal  station.  The  first  calculations 
assumed  a linear  distribution  between  inlet  and  outlet  of  the  blade  row.  However,  this 
distribution  has  only  the  advantage  of  simplicity,  and  it  would  be  worth  investigating 
the  effect  of  other  distributions.  The  turning  should  be  distributed  on  the  assumption 
that  the  flow  follows  the  camber  line  of  the  blade.  The  loss,  on  the  other  hand,  probably 
should  be  distributed  downstream  of  the  olade  row  which  causes  it,  since  it  will  be  caused 
by  the  mixing  of  the  wake  with  the  mainstream  flow,  taking  place  between  the  blade  row,  or 
even  in  the  subsequent  blade  row. 

Unfortunately,  time  has  not  permitted  us  to  study  the  effect  of  more  rational 
distributions  of  turning  and  loss. 

3 . 6 Cascade  Model  Tuning 


section  3.2.2,  is  the  most  effective  in  adjusting  the  slope  of  the  speed  lines, 
we  input  a value  of  n for  i>i*  which  is  usually  different  from  that  for  i<i  , sc 


Various  features  of  this  cascade  model  lend  themselves  to  adjustment  or  tuning 
from  compressor  to  compressor.  The  exponent,  n,  on  the  off-design  loss  correlation, 

Curr»r‘riy , 
so  that  an 

asymmetric  loss-incidence  curve  can  be  simulated. 

The  effect  of  Mach  number  on  deviation  can  be  adjusted  by  changing  the  critical 
Mach  number,  or  the  factor  8.  We  have  not  tried  this  as  yet,  but  this  would  have  a 
significant  effect  on  the  hi  h speed  lines,  while  not  affecting  the  low  ones  of  a 
compressor  map. 


4 . END-WALL  BOUNDARY -LAYER  INTERACTION 

The  calculation  of  the  end-wall  boundary-layers  is  essential  to  an  accurate  prediction 
of  axial  compressor  performance.  For  internal  flow  situations  which  may  be  represented 
by  a two-layer  model,  (that  is,  the  inviscid  core  and  the  end-wall  boundary-layers)  both 
the  individual  parts  and  their  interaction  must  be  considered  since  changes  in  either 
layer  will,  in  most  cases,  significantly  alter  the  other  layer. 

The  blockage  due  to  the  end-wall  boundary-layers,  i.e.,  the  meridional  mass  defect, 

(p  ur6 * ) must  be  allowed  to  influence  the  inviscid-f low  computation,  one  manner  in  which 
s in 

this  is  commonly  accomplished  is  to  redefine  the  end-walls  using  the  calculated 
displacement  thickness,  that  is,  new  fictitious  physical  boundaries  are  employed  for 
another  inviscid-f low  computation.  Continued  iteration  of  the  two  solutions  will  .hen 
yield  the  complete  solution. 

The  inviscid-f  low  computation  technique  solves  a stream-function  equation,  in  w»il.L 
the  values  of  the  stream-function  are  specified  on  the  boundaries.  It  has  been  shown  (12) 
that  great  benefit  with  respect  to  computation  time  is  derived  by  adopting  an  alternative 
method,  to  that  described  above,  to  account  for  the  boundary-layer  blockage.  This 
technique  essentially  places  a series  of  equivalent  sources  along  the  end-walls  whose 
strength  is  dependent  on  the  boundary-layer  mass  defect,  that  is, 

s - ;btp6UR0  • 


The  new  fluid  emitted  from  the  sources  would  fill  a region  adjacent  to  the  body  of 
thickness  6 , Since  the  stream  function,  i|> , is  a mass  flow  function,  we  wish  to  alter 
the  boundary  values  by  an  amount  equal  to  the  local  boundary-layer  mass  defect,  p^UR6m 
to  correctly  influence  the  inviscid  flow. 


Of  course,  the  new  boundary  values,  due  to  the  end-wall  blockages,  will  yield  a new 
estimate  of  the  inviscid  flow  field.  "'he  stagnation  streamlines  will  no  longer  follow 
the  physical  boundaries,  but  will  be  displaced  by  the  amount  6 .;  Since  the  entire 

inviscid  flow  field  is  known,  the  flow  properties  along  the  stagnation  streamline  can  be 
found  by  interpolation.  These  edge  conditions  may  be  used  to  compute  a new  estimate  of 
the  end-wall  boundary  layers,  and  the  iterative  procedure  continued  until  an  acceptably 
small  change  occurs  between  iterations. 

In  many  instances,  this  iterative  procedure  converges  rapidly  and  is  essentially 
sel f -damping j that  is,  increased  blockage  accelerates  the  inviscid  core  flow,  which  in 
turn  decreases  the  blockage  on  the  next  paso.  However,  if  one  (or  both)  of  the  end-wall 
boundary-layers  separates,  the  predicted  blockage  may  grow  extremely  large  and  cause  such 
a large  acceleration  as  to  cause  the  separation  to  disappear,  only  to  reappear  next 
iteration . 


The  boundary-layer  calculation  technique  which  i-.  currently  used  in  our  model  is  that 
suggested  by  Stratford  (13) , althouqh  mors  recent  work  by  one  of  the  authors  has  indicated 
that  the  three-dimensional  boundary-layer  effects  may  be  significant. 
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5 . EXTENSIONS  TO  THE  TECHNIQUE 


It  has  bean  stated  repeatedly  that  the  approach  described  here  may  be  most  readily 
improved  by  substituting  superior  cascade  correlations.  The  extensions  discussed  in  this 
section  should  be  considered  in  that  context. 

Since  the  leading  and  trailing  edges  of  the  blades  when  viewed  in  the  me 
will  not  generally  be  radial  lines,  it  becomes  desirable  for  the  grid  lines 
inviscid-flow  technique  to  be  aligned  with  these  edges.  This  would  save  the 
interpolation  at  the  leading  and  trailing  edges,  although  at  the  expense  of 
complexity  in  the  finite-difference  method.  Of  course,  if  one  i3  also  conce 
centrifugal  machinery,  this  extension  is  necessary  since  the  leading  and  tra 
are  generally  perpendicular  to  each  other. 

The  end-wall  boundary-layer  computation  currently  used  is  quite  simple.  Although  a 
sophisticated  three-dimensional  boundary-layer  calculation  is  probably  unrealistic  at  thi 
time,  at  least  for  performance  prediction  of  multi-stage  compressors,  it  is  possibly 
worthwhile  to  implement  an  improved  end-wall  boundary-layer  computation  technique  which 
tries  to  account  for  known  three-dimensional  phenomena.  Ever,  a crude  approach,  such  as 
using  an  axisymmetric  model  of  the  type  developed  by  one  of  the  authors  (14)  could  prove 
of  value. 


ridional  plane 
of  the 

necessity  of 
some  additional 
rned  with 
iling  edges 


6 . DISCUSSION  Of  RESULTS 

The  cascade  model  described  in  this  paper  was  used  in  conjunction  with  both  the  matrix 
and  streamline  curvature  techniques  to  predict  the  performance  of  both  the  single  stage, 
and  the  three  stage,  transonic  compressors  supplied  for  the  47th  PEP  Meeting.  These 
compressors  were  denoted  as  test  case  numbers  three  and  four  respectively. 

The  streamline  urvature  program  was  run,  as  a check  on  the  matrix  program,  and  also 
since  the  blade  passage  choking  model  is  not  operational  in  the  latter.  As  mentioned 
earlier,  since  the  cascade  model  has  a dominating  influence,  we  did  not  expect,  and  did 
not  see,  any  significant  difference  in  the  overall  performance  prediction  of  the  two 
programs.  The  results  for  the  two  compressors  are  shown  in  Figures  (6)  and  (7). 


Figure  (6)  presents  the  predicted  pressure  ratio  and  efficiency,  for  the  single  stage 
compressor,  for  three  constant  speed  lines.  Neither  program  will  predict  surge  as  such, 
but  by  examining  the  output  for  high  diffusion  factors  (ie.  De  >2.2),  one  may  judge 
(approximately)  the  probable  area  of  potential  surge.  The  prediction  of  choked  flow,  as 
shown  by  the  dashed  line  in  Figure  (6),  was  achieved  using  the  blade  passage  choking  model. 
The  matrix  program  was  used  up  to  the  maximum  mass  flow  rate  for  which  convergence  could 
be  obtained,  at  which  time  the  streamline  curvature  program  was  used.  These  choked  flow 
points  are  shown  as  flagged. 


The  matrix  program  pe 
and  thus  the  effect  of  bl 
initially,  but  the  high  r 
Mach  numbers  greater  than 
and  one  cannot  obtain  con 
on  the  internal  stations 
assumption  if  one  is  inte 
to  obtain  a solution,  inc 
presented  in  the  detailed 

Another  effect,  which 
calculation  of  the  off-de 


rm 

its 

the 

use 

of  c 

ale 

ula  t 

ad 

e bl 

ock 

age  i 

may  b 

e t 

aken 

e 1 

a ti  v 

e i 

nl e t 

ve  lo 

ci  t 

ie  s 

unity 

. When 

this 

oc< 

curs 

ve 

rgen 

ce  . 

it 

was 

nec 

e ssa 

to 

obt 

a in 

the 

r e su 

Its 

whi 

r e 

s ted 

in 

the 

velo 

ci  t 

ie  s 

lu 

ding 

bl 

ade 

block 

age 

for 

t 

est 

r»i  s 

ults 

aval 

lable  a 

h 

as  b 

e e n 

examined 

, i 

s th 

sign  total  pressure  loss 


r 

c 

w 

t 

e 

c 


on  stations  within  the  blade  row  passage, 
into  consideration.  This  was  done 
were  increased  within  the  passage  to 
the  matrix  program  becomes  unstable, 
y to  ignore  the  effect  of  blade  blockage 
h have  been  presented.  This  is  a serious 
ithin  the  blade  passage.  It  was  possible 
a few  points,  and  these  results  are 
this  conference. 

variation  of  the  exponent  ured  in  the 
oef f icien t . Vhisha  sheer.  described 
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earlier,  and  is  referred  to  in  the  Figures  as  the  Swan  exponent.  Since  decreasing  the 
exponent  produces  more  severe  loesea,  the  effect  on  the  characteristics  is  predictable. 

For  example  by  decreasing  the  exponent  from  3 to  2,  the  efficiency  of  the  single  stage 
compressor  at  14.3  kg/s  and  8S%  speed  dropped  from  89%  to  84%.  In  addition  the  range 
(predicted)  is  decreased.  The  effect  is  more  noticeable  in  a multi-stage  compressor,  as 
shown  in  Figure  (7) . 

Figure  (7)  shows  one  ipeed  line  which  was  predicted  for  the  three  stage  compressor 
(test  case  #4).  Similar  to  test  case  three,  both  programs  were  used  to  predict  the 
compressor  performance,  and  as  before,  it  was  necessary  to  neglect  the  effect  of  blade 
blockage.  The  effect  of  the  loss  exponent  is  clearly  seen  here,  with  the  value  of  2 
providing  the  more  realistic  appearing  characteristic. 

This  compressor  was  extremely  difficult  to  model,  and  the  authors  were  simply  not 
able  to  obtain  convergence  at  the  design  speed,  in  spite  of  repeated  efforts.  This  lack 
of  success  was  true  for  both  the  streamline  curvature,  and  matrix  programs.  The  reason 
for  this,  is  not  readily  apparent,  and  may  be  due  to  a data  error  which  was  not  picked 
up  in  the  short  time  available.  When  the  output  from  converged  cases  is  examined,  the 
problem  is  seen  to  be  in  the  hub  region,  originating  with  the  first  blade  row. 

The  large  velocity  gradient  at  the  exit  of  the  first  rotor,  produces  a very  low 
velocity  at  the  hub  relative  to  the  inlet  velocity,  and  thus  a high  diffusion  factor 
( Deq> 2.2),  This  phenomena  occurred  regardless  of  the  inlet  velocity,  that  is,  it  was 
a function  of  the  design  (it  seems)  and  not  of  an  off-design  problem.  The  hub  contour 
at  the  inlet  was  altered  to  produce  a higher  inlet  velocity  at  the  hub,  but  the  effect 
was  not  significant.  This  type  of  inviscid  flow  model,  unfortunately  makes  the  original 
problem  worst,  in  that  the  low  inlot  velocity  into  the  next  row  produces  a large  off-design 
loss  which  produces  a low  exit  velocity  and  so  on. 

Blockage  factors  were  used  throughout  these  analyses,  in  place  of  boundary-layer 
calculation.  The  extremely  large  diffusion  across  the  first  rotor  would  certainly  have 
caused  problems  for  most  boundary-layer  calculation  techniques,  since  it  would  probably 
cause  separation  of  the  end-wall  boundary -laye r . 

Another  phenomena  was  examined  briefly  on  both  compressors  using  the  matrix  program. 
Ordinarily,  the  total  pressure  loss  for  a blade  row  is  distributed  linearly  through  the 
blade  row.  It  was  hypothesized  earlier  that  a more  realistic  approach  would  be  to  dump 
the  loss  at  the  exit  of  the  blade  row.  The  appropriate  change  was  made  - u the  results 
are  inconclusive  at  this  time.  The  velocity  distributions  within  the  blade  row  are 
affected  slightly,  but  there  is  no  effect  on  the  overall  performance. 

7.  CONCLUSIONS 


The  authors  have  presented  a model  for  predicting  the  off-design  performance  of  axial 
compressors,  and  the  results  for  a single  stage,  and  three  stage  transonic  axial 
compressor.  The  model  is  composed  of  an  inviscid-f low  computation  technique  (matrix 
through-flow),  and  a cascade  loss  and  deviation  model.  At  this  time,  the  cascade  model 
appears  to  be  the  area  still  requiring  the  most  attention,  although  transonic  turbomachines 
point  up  weaknesses  in  the  i nvisc id -f low  model  as  well. 

We  feel  that  the  following  areas  are  worthy  of  further  study: 

the  effects  of  Mach  number,  axial  velocity  ratio,  and  incidence  at  off-design 
conditions 

the  development  of  a practical  three-dimensional  end-wall  boundary-layer  technique 

a model  to  incorporate  in  ter -s tr e am  1 in e shear  and  energy  transfer  effects,  by 
means  of  effective  turbulent  mixing  parameters 

a means  of  coping  with  transonic  relative  velocities  within  a blade  passage,  and 
integration  of  this  technique  with  a shock  loss  model  and  a blade  passage  choking 
model 

further  work  to  more  accurately  identify  the  quantitative  increase  in  loss  as 
blade  passage  choking  occurs. 
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COMMENTS 


Comment  by  K.Papailiou,  E.C.L.,  France 

We  have  used  Millar’s  and  Davis’  program  for  several  compressors.  We  have  found  out  that  convergence  is  much 
easier  when  applying  a weight  factor  on  the  losses  and  not  only  on  the  stream  function.  We  also  found  that  going 
up  in  Mach  number  inside  the  blading  an  i accounting  for  profile  blockage,  we  get  into  trouble  and  the  program 
diverges.  For  secondary  flows,  when  their  effects  are  taken  into  account,  there  is  an  inconsistency  in  the  radial 
equilibrium,  when  going  inside  the  boundary  layer  region,  as  pointed  by  Horlock. 


i 


Comment  by  T.McKain,  Detroit  Diesel  Allison,  USA 

We  have  based  our  correlation  on  the  NASA  SP36  as  most  industries  do.  What  we  have  found  is  that  in  the 
early  stages  of  a multistage  machine,  the  deviation  rules  a.e  close  to  futh,  but,  in  the  last  stage,' due  to  the  combined 
effects  of  secondary  flows  and  boundary  layers,  the  prediction  starts  to  deviate  quite  a lot. 
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SUMMARY: 

The  through-flow  calculation  is  an  integral  and  vital  element  of  any  effective 
turbomachinery  design  and  development  process.  This  paper  reviews  the  through-flow 
calculation  from  both  a theoretical  and  an  applications  viewpoint.  The  assumptions 
involved  with  typical  formulation  of  the  basic  equations  and  the  solution  techniques 
eiqployed  in  such  areas  as  boundary  condition  specification,  numerical  evaluation  of 
derivatives  and  numerical  stability  are  presented.  Experimental  verification  of  the 
theory,  using  turbomachinery  applications,  is  presented  to  demonstrate  the  accuracy 
of  the  calculation.  Finally,  the  normal  compressor  design  and  development  cycle  is 
reviewed  to  stress  the  importance  of  the  through-flow  calculation  in  this  process. 
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THEORY 


calculating  station 

meridional 

radial 

s tagnation 

tangential 


It  is  necessary  in  the  analysis  of  flow  through  a turbomachine  to  introduce  certain 
simplifying  assumptions  concerning  the  unsteady  three-dimensional  viscous  flow  character- 
istic of  such  machines  in  order  to  reduce  the  original  problem  to  a tractable  mathematical 
model.  Once  accomplished,  it  is  often  desirable  to  further  reduce  the  level  of  sophisti- 
cation of  the  model  to  obtain  one  which  is  practical  and  which  may  be  solved  relatively 
efficiently  with  available  computing  techniques.  The  latter  consideration  is  of  particular 
importance  when  such  calculations  are  intended  to  form  the  basis  of  a highly  iterative 
design  system. 

An  assumption  pertaining  to  both  the  former  and  latter  considerations  is  the  assumption 
of  weak  three-dimensional  flow  which  allows  analysis  of  the  flow  field  by  consideration 
of  separate  2-D  flows  in  intersecting  surfaces  which  are  only  partially  coupled.  The 
theory  of  flow  through  a tu.bomachine  under  the  above  approximation  with  varying  degrees 
of  coupling  between  the  surfaces  constitutes  what  has  come  to  be  known  as  through  flow 
theory,  although  the  term  is  usually  meant  to  apply  more  specifically  to  flow  in  the  hub- 
to-shroud  surface.  The  theory  of  the  through  flow  calculation  is  reviewed  in  the  follow- 
ing development. 

Neglecting  viscosity,  the  vector  momentum  equation  can  be  written  in  the  inertial 
reference  system  as 

DV  Vp 

Dt  P (1) 

The  flow  field  will  be  assumed  steady  relative  to  the  blade  row  in  question  (i.e., 
there  is  no  unsteady  interaction  between  moving  and  stationary  blade  rows)  so  that  the 
momentum  equation  can  be  written  in  the  blade  fixed  system  as 
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equation  (2)  may  be  written  in  the  form 

-W  x ( V x W)  + 2w  x W = -VI  + TVs 


(2) 

(3) 

(4) 


where  I is  a quantity  (sometimes  called  rothalpy)  defined  by 
I = H - wrV0 


(5) 


and  w = 0 for  a fixed  blade  row. 

Taking  the  component  of  Eq.(4)  along  a direction  N tangent  to  an  arbitrary  curved 
line  “C"  (Figure  1)  gives  for  the  equilibrium  equation  in  this  direction 
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Equation  (6)  will  be  referred  to  as  the  stream  derivative  form  of  the  equilibrium 
equation.  The  equation  is  in  a form  suitable  for  numerical  computation  without  further 
reduction.  It  is  notable  that  slope  and  curvature  expressions  do  not  appear  explicitly 
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in  this  form,  but  are  contained  implicitly  in  the  stream  derivative  terms.  These  terms 
are  readily  expanded  to  show  the  equivalence  of  the  stream  derivative  form  to  the  more 
familiar  streamline  curvature  forms.  For  example 
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which  represent  the  radial  and  axial  components,  respectively,  of  the  meridional  accel- 
eration vector 
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so  that  the  sum 
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appearing  in  Eq.  (6)  represents  the  component  of  the  meridional  acceleration,  a , along 
curve  "C".  m 

Since  all  derivatives  appearing  in  the  stream  derivative  form  of  the  equilibrium 
equation  lie  along  "C"  or  along  streamlines  passing  through  "C",  this  leads  naturally 
to  the  consideration  of  flow  within  the  stream  surface  so  defined.  To  complete  the 
momentum  specification  within  this  surface,  an  additional  equilibrium  equation  is 
required.  A particularly  simple  and  useful  form  of  the  needed  equation  is  obtained  by 
considering  equilibrium  along  the  stream  direction.  The  desired  equation  can  be  obtained 
by  taking  the  component  of  Eq.  (4)  along  the  stream  direction  giving 
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For  effectively  adiabatic  flow  (heat  transfer  + viscous  dissipation  = 0) 
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so  that  from  Eq.  (11) 
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In  the  practical  application  of  the  through-flow  calculations,  Eq.  (13)  is  usually 
considered  to  be  accurate  in  the  blade-free  regions.  It  is  usally  desirable  and  necessary 
in  the  bladed  regions  to  introduce  dissipative  or  "loss”  mechanisms  so  that 
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which  may  be  integrated  to  give 


AS 


= F (L) 
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where  F(L)  is  specified  by  the  designer  from  a knowledge  of  the  blade  element  loss 
characteristics  and  is  taken  as  zero  in  the  blade-free  space.  Eq.  (15)  is  then  used 
instead  of  Eq . (13)  to  express  the  equilibrium  condition  along  the  streamline  direction. 
The  fact  that  this  substitution  is  inconsistent  with  the  inviscid  assumption  used  in  the 
development  of  the  momentum  equation  has  been  pointed  out  by  Horlock1,  who  suggested  that 
a nonconservative  body  force  acting  opposite  to  the  stream  direction  be  added  to  the 
momentum  equation  to  produce  the  specified  entropy  variation.  If  curve  "C”  is  not  normal 
to  the  stream  direction,  then  this  force  has  a component  which  must  be  included  in  the 
equilibrium  equation  along  HC”.  It  is  obvious  that  if  this  term  is  neglected  in  the  nC" 
momentum  equation,  then  the  curve  should  be  chosen  as  nearly  normal  to  the  stream  direc- 
tion as  possible  to  reduce  the  resulting  error.  In  this  development  the  dissipative 
force  component  is  neglected  in  the  equilibrium  equation  along  "C"  but  its  major  effect 
is  retained  by  inclusion  in  the  streamwise  component  equation  (Eq.  (15)). 
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A final  assumption  is  needed  in  order  to  evaluate  the  tangential  velocity  terms  in 
the  stream  derivative  equation.  The  three  models  most  commonly  used  for  this  purpose 
are  reviewed  by  Horlock  artd  Harsh2.  The  models  consist  of  replacing  the  actual  cascade 
with  a cascade  containing  an  infinite  number  of  blades,  simulating  the  blade  action  by 
an  axisymmetric  flow  with  distributed  body  forces,  and  by  considering  the  flow  on  a 
suitably  defined  "mean  stream  surface".  Each  of  the  models  is  shown  to  lead  to  only  a 
first  order  approximation  to  the  circumferentially  averaged  flow  within  the  actual  cas- 
cade, accurate  only  for  low  blade  loading.  The  overall  changes  across  the  blade  row, 
however,  were  found  to  be  properly  represented.  With  the  proper  choice  of  the  mean 
stream  surface  the  three  models  yield  identical  results  for  the  equilibrium  equation, 
with  the  last  term  of  Eq . (6)  interpreted  as  the  equivalent  blade  or  body  force. 

If  a particular  stream  surface  is  known  a priori,  the  tangential  velocity  is  unique- 
ly determined  by  the  axial  and  radial  velocities  so  that  equations  (6),  (15),  (12),  and 
the  continuity  equation  (which  may  allow  for  stream  tube  convergence)  may  be  used  (along 
with  the  boundary  conditions  and  state  equation)  to  solve  exactly  for  all  pertinent  flow 
and  thermodynamic  variables  within  the  stream  surface.  WuJ  has  proposed  a fully  3-D 
scheme  whereby  a number  of  such  surfaces  are  solved  from  hub  to  tip  and  from  blade  to 
blade  with  the  solutions  iteratively  coupled  through  the  stream  surface  shapes.  Such 
solutions  have  been  achieved  for  duct  flows'*  but  are  time  consuming  and  presently  con- 
sidered impractical  to  serve  as  the  basic  through-flow  calculation  without  further 
approximation.  Some  reasonable  reductions  of  Wu's  more  general  method  have  recently  been 
advanced5 ' 6 . 

Normally,  a single  stream  sheet  is  chosen  to  be  as  representative  as  possible  of  the 
mean  flow  properties.  Within  the  blade  row  the  shape  of  the  mean  stream  surface  is  often 
taken  as  the  mean  camber  surface  of  blade  passage.  A more  laborious  approach  consists 
of  defining  the  mean  stream  surface  from  the  middle  streamlines  of  a sequence  of  blade  to 
blade  solutions  along  the  blade  span . In  view  of  the  approximation  already  made  in 
choosing  a single  hub-to-shroud  stream  surface,  the  additional  calculations  required  for 
this  approach  hardly  seem  justified. 

For  the  unbladed  portion  of  the  flow  path,  the  flow  is  considered  periodic  but 
generally  cannot  be  considered  axisymmetric.  The  total  angular  momentum  flux,  however, 
must  remain  constant  through  the  annulus  even  though  changes  in  angular  momentum  along 
the  streamlines  may  occur  locally.  The  "mean  stream  surface"  should  thus  be  selected 
ahead  and  behind  the  blade  row  so  that  the  ar gular  momentum  is  conserved  along  the  stream- 
lines in  that  surface.  This  choice  of  the  stream  surface  is  tantamount  to  assuming 
axisymmetric  flow  from  the  outset  so  that  the  axisymmetric  assumption  and  a choice  of 
the  mean  stream  surface  compatible  with  the  conservation  of  total  angular  momentum  lead 
to  identical  results. 

The  assumption  of  axisymmetric  flow  in  the  blade-free  regions  thus  allows  calculation 
of  the  tangential  velocity  terms  from 
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In  the  bladed  regions  the  tangential  velocity  is  obtained  either  from  the  stream 
surface  specification 

W • Nss  = 0 (17) 

A 

where  NS3  i3  the  unit  vector  normal  to  the  assumed  stream  surface,  or  the  tangential 
velocity  may  be  specified  directly  by  the  designer  in  a number  of  equivalent  forms. 

Solution  Method 


The  iterative  solution  procedure  used  to  solve  the  governing  equations  presented  above 
is  straight  forward  in  principle  and  is  described  step  by  step  in  the  procedure  which 
follows: 

1.  The  geometry  of  the  flow  path  is  specified  and  the  calculating  stations  are 
defined  within  it  along  which  the  equilibrium  equation  (Eq.  (6))  is  to  be  satisfied. 

2.  The  inlet  and  exit  boundary  conditions  are  specified  (e.g.  flow  angle,  mass  flow 

distribution,  or  stream  curvature).  Inlet  values  of  P , T , and  V6  are  also  required 
input.  ° ° ’ 

3.  A number  of  streamlines  which  bound  a specified  amount  of  mass  flow  are  chosen 
and  initially  distributed  through  the  flow  path. 

4.  An  initial  estimate  is  made  of  all  velocities,  the  total  temperature  and  the  total 
pressure. 

5.  The  right  hand  side  of  Eq.  (6)  is  evaluated  at  each  streamline  and  calculating 
station  intersection. 

6.  Starting  at  the  first  calculation  station  inside  the  inlet  station,  the  equilib- 
rium equation  is  integrated  numerically  from  hub  to  tip  assuming  an  initial  value  at 
the  hub.  A weighted  average  is  taken  between  the  old  and  new  velocities  with  the  old 
velocities  heavily  weighted. 

7.  The  resulting  mass  flow  distribution  is  then  integrated  to  obtain  the  total  mass 
flow  which  is  compared  to  the  desired  mass  flow.  The  velocity  distribution  is  then 
scaled  by  desired  flow/calculated  flow  and  the  streamline  positions  are  adjusted  to 
satisfy  continuity  locally.  The  effect  cf  blade  or  strut  blockage  is  easily  included 
in  this  step. 
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8.  Steps  (5)  thrciuy'n  (7)  are  repeated  for  each  calculating  station  up  to  the  e.-.it 
station.. 

9.  The  inlet  and  exit  stations  are  solved  using  the  input  boundary  conditions. 

10.  Steps  (5)  - (9)  are  repeated  until  the  maximum  percent  velocity  change  is  less 
than  some  specified  amount* 

In  the  above  procedure  the  continuity  equation  is  satisfied  by  explicit  treatment. 

This  step  may  be  avoided  and  the  continuity  equation  satisfied  identically  by  introduction 
of  the  stream  function  defined  within  the  stream  surface  by 

If  - prBWz!  - -prBW r (18) 


where  the  bars  indicate  derivatives  taken  within  the  relative  stream  surface.  The  equilib 
rium  equation  then  takes  the  form  of 


i}i  = f (r,z) 


(19) 


where  f(r,z)  is  actually  a nonlinear  function  of  ♦ , r , and  z , but  is  considered  as  a 
known  function  of  r and  z for  each  iteration  in  a solution  scheme  defined  by 


fX(r,z) 


(20) 


This  is  basically  the  method  used  by  Marsh7.  In  this  method  Eq.  (20)  is  expressed 
in  finite  difference  form  for  a fixed  grid  network  within  the  flow  path.  The  fixed  grid 
network  and  the  automatic  satisfaction  of  the  continuity  equation  are  the  primary  differ- 
ences between  this  solution  method  and  the  one  described  previously.  Each  iteration 
results  in  a linear  algebraic  system  of  equations  which  may  be  solved  by  a number  of 
direct  or  iterative  methods.  In  fact,  the  solution  of  Eq.  (20)  may  be  made  closely  analog- 
ous to  the  stream  derivative  and  stream  curvature  solution  methods  by  choosing  a success- 
ive line  relaxation  algorithm  for  solution  of  the  matrix  equation.  A comparison  between 
the  stream  function  method  and  the  stream  curvature  method  has  been  presented  by  Davis  and 
Millar8 . 

The  method  used  to  evaluate  the  streamwise  derivative  terms  appearing  in  the  equilib- 
rium equation  (Eq.  (6))  has  a significant  influence  on  both  the  accuracy  and  stability 
of  the  method.  Wilkinson5  has  given  a study  of  the  various  methods  available  for  calcu- 
lating these  derivatives  in  terms  of  their  influence  on  the  efficiency,  accuracy,  and 
stability  of  the  computation.  He  concludes  generally  that  the  finite  difference  methods 
are  the  best  and  that  the  spline  methods  are  the  worst.  Numerical  experiments  performed 
at  Detroit  Diesel  Allison  support  this  conclusion.  Consequently,  the  streamline  deriva- 
tives which  appear  in  the  equilibrium  equation  are  evaluated  using  a second  order  central 
difference  approximation.  This  method  has  given  quite  satisfactory  results  over  a wide 
range  of  turbomachinery  application. 

As  mentioned  in  Step(6)of  the  solution  procedure,  it  is  necessary  to  damp  the  velocity 
change  from  iteration  to  iteration  during  the  solution  process  in  order  to  assure  the 
stability  of  the  calculation.  Generally,  the  calculation  may  be  stabilized  by  using 
sufficiently  strong  damping  although  a premium  is  paid  in  terms  of  computing  efficiency. 

For  a typical  turbomachine  calculation,  the  optimum  choice  of  the  damping  factor,  f _, 
usually  occurs  very  near  the  convergence  limit  (a  typical  case  is  shown  in  Figure  2r) 

The  optimal  damping  factor  as  well  as  the  maximum  value  for  convergence  are  functions  of 
the  particular  flew  path  geometry,  Mach  number,  number  of  computing  stations,  and  the 
method  used  to  calculate  the  stream  derivative  (or  curvature)  terms.  Wilkinson5  has 
developed  an  expression  for  the  optimal  damping  factor  as  well  as  the  convergence  limit 
using  a simple  parallel  flow  model.  He  found  the  optimal  damping  factor  to  be  given  by 

f d = d “ "95  ^in  (l"Mm*)A2)  (21) 

where  A is  the  grid  aspect  ratio  and  K,^  is  a factor  dependent  on  the  method  of 
evaluating  the  stream  curvature. 

It  should  also  be  pointed  out  that  the  total  number  of  iterations  required  to  obtain 
a solution  is  influenced  significantly  by  the  particular  iteration  method  used.  For 
example,  the  equilibrium  equation  may  be  solved  simultaneously  along  each  of  the  calcu- 
lating stations  rather  them  consecutively,  as  suggested  in  the  previous  outline  of  the 
solution  procedure.  The  interaction  of  the  blade  element  models  and  the  end  wall  boundary 
layer  calculations  with  the  main  through-flow  calculation  also  affects  the  optimal  damping 
factor  as  well  as  its  stability  limit.  Some  improvement  in  computational  efficiency  can 
also  be  achieved  by  reducing  the  damping  during  the  iterative  process  as  the  solution 
is  approached.  An  accurate  initial  guess  can  also  considerably  improve  the  efficiency 
of  the  calculation. 

A source  of  common  error  in  the  practical  application  of  through-flow  calculations 
concerns  the  inlet  and  exit  boundary  conditions.  The  proper  posing  of  the  elliptic 
boundary  value  problem  requires  that  some  boundary  condition  be  specified  along  the 
closed  boundary  of  the  solution  domain.  For  the  through-flow  problem,  the  boundary 
condition  along  the  hub  and  shroud  contours  are  automatically  satisfied  by  requiring 
that  these  be  streamlines  of  the  flow.  In  addition  to  the  total  mass  flow  rate  and 
the  inlet  input  quantities  of  stagnation  temperature,  pressure  and  tangential  velocities, 
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inlet  and  exit  boundary  specifications  are  required.  It  is  sufficient  (and  necessary) 
that  only  one  quantity  be  specified  along  these  boundaries.  Typically,  this  might  be 
the  flow  angle  (streamline  slope) , the  mass  flow  distribution  (streamline  position) , 
streamline  curvature,  or  either  of  the  meridional  velocity  components.  Even  though  any 
of  the  above  physical  specifications  translate  into  proper  mathematical  constraints 
for  the  problem,  the  arbitrary  application  of  these  conditions  too  near  the  region  of 
interest  can  lead  to  an  improper  physical  result.  It  is  important  that  the  boundary 
conditions  be  specified  at  a location  where  they  can  be  stated  accurately  from  physical 
considerations.  This  often  requires  that  the  inlet  and  exit  boundaries  be  removed 
somewhat  from  the  actual  domain  of  interest  where  the  physical  conditions  of  the  desired 
flow  may  be  made  more  consistent  with  the  imposed  boundary  conditions  and  where  any 
remaining  inaccuracy  has  little  influence  at  the  far  removed  stations. 


EXPERIMENTAL  VERIFICATION  OF  THEORY 

For  any  theoretical  analysis  to  be  useful,  it  must  be  calibrated  against  data  in 
problem  situations  typical  of  intended  usage.  It  is  important,  for  any  useful  comparison, 
that  the  data  be  such  as  to  clearly  test  the  theory  with  underlying  assumptions  held  to 
a minimum.  The  through-flow  calculation  used  in  turbomachinery  applications  is  composed 
of  two  basic  elements: 

1.  Inviscid  equations  of  motion  with  attendant  solution  techniques 

2.  Secondary  calculations  for  real  fluid  effects. 

The  comparisons  which  follow  have  been  chosen  to  test  the  validity  of  the  basic 
equations  of  motion  and  the  numerical  solution  techniques.  Two  examples  have  been 
selected  for  relevance  to  turbomachinery  application,  complexity  of  the  problem,  and 
adequacy  of  defining  instrumentation. 

The  first  example,  Figures  3 through  7,  investigates  the  flow  field  in  the  vicinity 
of  the  flow  splitter  of  a low  bypass  ratio  turbofan  compressor  as  the  mass  flow  split 
is  varied.  This  problem  is  a very  difficult  one  in  that  it  is  a case  of  swirling  flow 
from  the  upstream  rotor  with  total  pressure  and  temperature  gradients,  extremely  high 
flow-field-induced  streamline  curvature  and  high  local  Mach  numbers.  The  comparison  is 
made  at  three  different  levels  of  tip  back  pressure  from  near  choke  to  near  surge.  The 
comparison  between  theory  and  test  is  exceptionally  good,  especially  at  Points  B and  C 
where  the  local  Mach  numbers  arc  relatively  low.  The  calculation  was  made  with  fixed 
wall  boundaries  with  no  provisions  to  account  for  boundary  layer  phenomena. 

The  second  example  shown  in  Figures  8 through  9 is  a case  of  high  flow  path  induced 
curvature  with  total  pressure  and  temperature  gradients.  The  stator  discharge  flow  is 
designed  for  zero  exit  swirl  and  is  assumed  to  be  so.  Again,  excellent  agreement  between 
theory  and  data  is  seen  to  exist. 

Many  comparisons  similar  to  those  just  described  have  been  reported  in  the  literature 
and,  in  general,  verify  the  technical  adequacy  of  the  basic  equation  formulation  and 
solution  techniques. 

The  real  fluid  effects  such  as  endwall  boundary  layers,  tip  clearance  leakage,  wake 
mixing,  blade  element  losses  and  others  are  neither  well  documented  nor  truly  understood. 
Nevertheless,  they  are  just  as  important  to  the  success  of  the  final  product  as  the 
basic  through-flow  calculation.  These  effects  deserve  a great  amount  of  future  effort. 


APPLICATION 


In  this  discussion,  the  general  compressor  design  and  development  process  is  reviewed 
with  emphasis  upon  the  role  of  the  through-flow  calculation. 

Detroit  Diesel  Allison's  approach  to  compressor  design  and  development  is  enumerated 
below: 


1.  Design  with  the  best  analytical  techniques  and  empirical  data  available, 

2.  Instrument  the  compressor  adequately  to  evaluate  the  validity  of  the  design 
theory  and  assumptions, 

3.  Obtain  sufficient  test  data  to  completely  define  the  compressor  character- 
istics, both  aerodynamically  and  structurally, 

4.  Reduce  and  interpret  the  data  in  a consistent  manner,  and 

5.  Perform  a comprehensive  analysis  of  the  data  to  determine  areas  of  possible 
performance  improvement. 

One  complete  cycle  of  this  process  for  a multistage  axial  flow  compressor  generally 
takes  about  a year  to  complete  with  a majority  of  this  time  consumed  in  fabrication. 
Considering  the  length  of  time  involved,  a high  premium  is  placed  upon  a technically 
sound  approach  in  each  of  the  five  areas  listed  above. 

Normally,  the  development  process  takes  more  than  one  cycle  to  complete  due  to 
inadequacies  in  the  design  theory  and  assumptions.  A consistent  and  technically  sound 
approach  which  builds  upon  previous  experience  has  proven  to  be  the  best  method  of  reduc- 
ing the  number  of  development  cycles.  The  validity  of  this  approach  is  exemplified  by 
the  development  history  of  one  of  Detroit  Diesel  Allison's  modern  multistage  compressors 
shown  below: 


Pressure  Ratio* 
Adiabatic  Efficiency* 
Surge  Pressure  Ratio 


First  Second  Third 

build  build  build 

14.55  15.00  15.00 

80.15%  80.50%  82.00% 

14.55  17.3+  17.3+ 


*On  engine  operating  line. 
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With  just  two  blading  modifications,  the  operating  line  efficiency  was  increased 
nearly  2%  and  the  surge  pressure  ratio  increased  by  3 atmospheres. 

The  through-flow  calculation  is  an  integral  and  vital  element  in  this  overall 
design  and  development  process.  In  addition  to  the  obvious  use  of  the  calculation 
in  the  design  phase,  the  calculation  provides  information  for  locating  instrumentation, 
aids  in  determining  the  true  pressure  or  temperature  from  measured  data,  and  supplements 
the  measurements  to  obtain  a meaningful  flow  field  definition 

Design 

In  the  design  phase,  the  best  analytical  techniques  and  empirical  data  available 
are  used  to  accomplish  the  two  basic  parts  of  the  final  design  specification,  namely: 

1.  Establish  the  desired  aerodynamic  flow  field  definition, 

2.  Design  blading  to  produce  the  conditions  established  in  Part  1. 

The  flow  path  shape,  number  of  required  stages,  Mach  number  levels,  work  distribution, 
and  blade  element  loading  and  efficiency  requirements  are  determined  in  the  first  phase 
of  the  design.  These  variables  are  chosen  to  provide  maximum  assurance  of  meeting  design 
goals.  In  this  phase,  the  through-flow  calculation  is  the  designer's  primary  tool.  In 
this  calculation  the  inviscid  equations  are  coupled  directly  with  secondary  computations 
which  account  for  real  fluid  effects  such  as  aerodynamic  blockage,  blade  element  losses 
and  tip  clearance  leakage.  These  viscous  effects  are  based  on  theoretical  analyses, 
but  are  tempered  by  past  experience  with  similar  configurations. 

The  purpose  of  the  second  phase  is  to  define  the  detailed  blade  geometry  which  will 
generate  the  flow  field  conditions  established  in  Phase  1.  To  satisfactorily  accomplish 
Phase  2,  the  following  design  variables  must  be  correctly  defined: 

o Incidence  angle 

o Blade  element  flow  capacity 

o Deviation  angle 

o Blade  shape  consistent  with  Phase  1 loss  characteristics. 

In  both  phases, the  designer  is  guided  by  experience  gained  from  previous  compressor 
development  programs.  His  detailed  experience  in  terms  of  such  items  as  acceptable 
loading  limits,  blade  element  losses,  and  incidence  and  deviation  rules  is  tied  directly 
to  the  design  and  analysis  system  and  the  consistency  in  which  data  was  acquired  and 
processed. 

Instrumentation 

The  general  requirements  for  an  adequate  yet  economically  tractable  instrumentation 
plan  are: 

o Provide  adequate  instrumentation  to  minimize  assumptions  required  for  flow 
field  definition, 

o Minimize  flow  field  disturbance,  and 

o Minimize  the  additional  test  time  required  for  data  acquisition. 

The  item  of  overriding  importance  is  the  acquisition  of  data  which  is  truly  represen- 
tative of  the  compressor  characteristics  and  not  influenced  by  the  measuring  instrument. 

To  reduce  the  blockage  and  resulting  flow  field  disturbance  associated  with  a conventional 
cantilevered  probe,  Detroit  Diesel  Allison  practice  is  to  mount  the  sensing  element 
directly  on  the  vane  surface  for  all  interstage  data.  A sketch  of  a typical  installation 
is  shown  in  Figure  10  along  with  a photograph  of  an  actual  vane  with  leading  edge  total 
pressure  elements  attached.  The  sensing  element  is  suspended  from  the  pressure  si,rfs''» 
of  the  airfoil  to  minimize  the  disturbances  to  the  suction  surface  which  is  more  sensitive 
due  to  higher  Mach  numbers  and  velocity  gradients.  To  minimize  the  leading  edge  incidence 
effects,  the  sensing  element  is  surrounded  by  a ventilated  shroud  and  positioned  as  far 
forward  of  the  leading  edge  as  possible.  Interference  with  the  preceding  rotating  blade 
row  determines  the  maximum  stand  off  distance.  In  some  instances,  leading  edge  effects 
cannot  be  eliminated. 

In  order  to  ensure  accurate  interpretation  of  the  data,  the  instrumentation  is  cali- 
brated prior  to  the  test  to  quantify  the  effects  of  Mach  number  and  angle  of  attack  on 
the  recovery  characteristics  of  the  probe.  This  calibration  is  usually  accomplished 
with  an  isolated  airfoil  and  a two  dimensional  air  jet.  An  example  of  the  calibration 
results  is  shown  in  Figure  10,  where  the  recovery  characteristics  of  a leading  edge 
mounted  thermocouple  display  assymetry  due  to  the  airfoil  leading  edge  effect.  This 
result  is  the  rule  rather  than  the  exception  in  multistage  axial  flow  compressors  where 
the  typically  small  axial  gaps  between  rotating  and  stationary  blade  rows  would  preclude 
the  forward  extension  of  the  probe.  In  order  to  interpret  the  data  accurately,  the  true 
flow  Mach  number  and  air  angle  must  be  ascertained.  This  is  an  extremely  vital  part  of 
the  data  reduction  effort  and  requires  iterative  use  of  the  through-flow  calculation 
for  completior.  A more  detailed  discussion  of  this  process  is  given  in  a following 
section  of  this  paper  concerned  with  data  reduction. 

A typical  instrumentation  plan  which  has  been  used  and  fulfills  the  above  stated 
requirements  is  shown  in  Figure  11.  The  instrumentation  includes  stator  leading  edge 
mounted  total  pressure  and  temperature  sensing  elements  for  interstage  data,  conven- 
tional shrouded  total  pressure  and  temperature  probes  at  compressor  inlet  and  exit  and 
a mul ti -element  wake  rake  behind  the  exit  guide  vane  in  the  outer  duct.  A large 
contingent  of  wall  static  pressure  taps  is  included  to  define  the  Mach  number  distri- 
bution over  the  flow  splitter. 

The  radial  locations  and  angular  alignments  of  the  individual  elements  are  determined 
from  the  flew  field  solution  defined  by  the  through-flow  calculation  in  the  design  phase. 
Increased  instrumentation  is  included  in  areas  of  expected  high  gradients  such  as  around 
the  flow  splitter  in  the  above  example  to  evaluate  the  validity  of  the  through-flow 
calculation  in  these  areas. 
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Data  Reduction 

The  instrumentation  plan  described  in  Figure  11  is  typical  of  the  type  and  extent 
of  instrumentation  incorporated  in  a development  build  o'  a compressor.  The  limitations 
of  this  instrumentation  coverage  relative  to  defining  the  entire  flow  field  are  also 
typical. 

The  purpose  of  the  data  reduction  process  is  to  take-  measured  data,  apply  calibra- 
tion factors  in  a consistent  and  correct  manner  and  then  reconstruct  the  entire  flow 
field  definition  for  comprehensive  analysis  relative  to  design  intent. 

Typically,  for  interstage  data,  the  stage  work  input  and  loss  characteristics  are 
well  defined  from  stator  leading  to  rotor  trailing  edges.  Figure  12.  Measurements  of 
total  pressure  and  absolute  air  angle  are  usually  not  made  at  stator  exits  ana,  there- 
fore, some  assumptions  must  be  made  concerning  these  variables  before  a complete  flow 
field  definition  can  be  constructed.  Even  with  the  assumpt  ons  on  stator  loss  and 
detailed  measurements  of  rotor  exit  total  pressure  and  temperature,  the  flow  field 
definition  is  not  complete  and  not  in  a usable  form  for  detailed  analysis.  The  velocity 
distribution  is  not  known  and,  therefore,  the  key  aerodynamic  parameters  such  as  inci- 
dence, deviation,  Mach  number  and  blade  element  loading  cannot  be  determined.  The 
through-flow  calculation  with  data  input  in  terms  of  total  pressure  and  temperature 
at  rotor  exits  and  with  consistent  assumptions  on  stator  loss  and  deviation  is  used 
to  prov  de  this  required  information.  The  flow  field  defined  for  the  test  point  is 
completely  consistent,  in  terms  of  stator  assumptions  and  solution  methods,  with  the 
design  flow  field  and  can  be  comparea  directly.  Once  the  velocity  distribution  is 
known,  then  the  Mach  number  and  angle  of  attack  of  the  air  onto  the  measuring  element 
(Pfc  or  T. ) can  be  determined  and  the  appropriate  calibration  factors  applied.  The 
adjusted  <3at a changes  the  velocity  distribution  and  further  iterations  are  required. 

This  process.  Figure  13,  is  obviously  iterative  and  continues  until  the  flow  field 
variables  (P  , T , M , and  air  angle)  are  consistent  with  the  measured  interstage  data 
and  calibration  information.  A final  important  consideration  in  the  data  reduction 
process  is  the  method  by  which  remotely  obtained  data.  Figure  13,  is  streamlined  back 
(or  forward)  to  the  blade  trailing  (or  leading)  edges  for  detailed  blade  element 
analysis.  The  streamlines  along  which  the  data  is  repositioned  are  determined  iter- 
atively for  each  data  point  instead  of  using  the  streamline  definition  from  the  design 
solution. 

The  final  result  of  the  data  reduction  process  is  a complete  definition  of  the  entire 
flow  field  including  blade  element  conditions.  This  definition  is  then  compared  directly 
to  the  design  flow  field  description  and  areas  of  performance  improvement  identified. 

Once  hardware  modifications  are  identified,  the  cycle  starts  over  again. 

Conclusions 


The  importance  of  an  accurate  and  flexible  through-flow  calculation  is  evident.  It 
is  one  of  the  key  elements  in  an  effective  compressor  design  and  development  process 
and  is  the  primary  tool  with  which  the  detailed  design  is  accomplished,  the  data  inter- 
preted and  analysis  performed. 

The  techniques  expounded  upon  in  this  paper  have  lead  to  significant  advances  in 
the  state-of-the-art  in  compressor  design.  If  these  advances  are  to  continue,  better 
understanding  of  the  basic  fluid  mechanics  of  compressor  operation  must  be  incorporated 
into  a usable  design  and  analysis  system.  Some  areas  where  further  improvements  are 
needed  are: 

o Intrablade  analyses 
o Tip  clearance  effects 

o Secondary  flow  and  streamline  communication 
o Endwall  boundary  layer  development. 

Much  effort  has  already  been  expended  in  these  areas,  and  soire  techniques  have  been 
incorporated  into  the  design  and  analysis  systems.  Data  correlations  and  individual 
experience  remain,  however,  the  prime  methods  of  accounting  for  these  effects. 

The  primary  emphasis  of  future  research  efforts  should  be  focused  on  elements  of 
flow  behavior  such  as  those  above.  Recognizing  this  need,  Detroit  Diesel  Allison  has 
designed  and  fabricated  a large  low  speed  test  rig  incorporating  a single  stage  axial 
compressor  designed  for  loading  yels  typical  of  advanced  state-of-the-art  compressors. 
Current  effort  is  being  directed  ward  the  better  understanding  of  endwall  boundary 
layer  development  as  the  flow  proceeds  through  alternating  station?  y and  rotating 
blade  rows.  As  each  of  these  elements  of  flow  behavior  are  better  understood,  improved 
models  will  be  developed  and  incorporated  into  the  basic  design  and  analysis  system 
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DIVERGENCE 


OPTIMUM  DAMPING  FACTOR 


Figure  5.  Example  1 - Near  Choke  Data  Point 


Figure  6.  Example  1 - Operating  Line  Data  Point 


Figure  7.  Example  1-  Near  Surge  Data  Point 


Figure  8.  Example  2 - Flowpath  and  Instrumentation 


Figure  9.  Example  2 - Data  Comparison 
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Figure  11.  Instrumentation  Plan 
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COMMENTS 


Comment  by  D.Millar,  Carleton  University,  Canada 

Do  you  use  outer  wall  (casing)  wall  tappings  for  comparison  with  calculation,  especially  to  separate  rotor  from 
stator  performance  within  the  stage?  I would  think  this  would  be  quite  useful  for  a compressor  which  has  essentially 
axial  flow  between  rotor  and  stator,  where  there  is  little  radial  pressure  gradient. 

Authors’  response: 

Outer  wall  static  pressures  are  used  for  comparison,  but  it  is  hard  to  break  out  the  combined  effects  of  loss, 
blockage  and  whirl. 
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by 

Ch.  Hirach 

Professor,  Dept,  of  Fluid  Mechanics 
Vrije  Universiteit  Brussel 
1050  Brussels 
Belgium 


SUMMARY 

A description  is  presented  of  the  application  of  the  Finite  Element  method  to  the  radial  equilibrium 
equation  in  the  form  obtained  after  introduction  of  the  streamfunction.  A short  presentation  of  the 
basic  features  of  the  F.E.M.  is  given  and  the  particular  aspects  of  its  application  to  the  through-flow 
problem  in  turbomachines  are  described.. 

A comparison  with  an  analytic  solution  for  an  axisymmetric  transitional  annulus  with  swirl  allows  an 
esti.iation  of  the  numerical  accuracy  of  the  method.  Other  examples  of  results  include  a transonic  axial 
compressor  and  an  axial  turbine.  The  coupling  with  an  end-wall  boundary  layer  calculation  for  axial 
compressors  is  also  briefly  described  and  some  results  are  presented. 

INTRODUCTION 

The  calculation  methods  for  the  through-flow  in  turbomachines  developed  in  recent  years  have  mainly  been 
concentrated  on  two  numerical  techniques,  the  screamline  curvature  method  and  the  so-called  matrix  method, 
which  is  essentially  a finite  difference  scheme.  Although  these  methods  have  achieved  satisfactory 
results,  they  still  suffer  from  certain  difficulties.  Estimations  of  the  curvature  of  a streamline  which 
is  defined  by  a discrete  number  of  points  can  create  large  errors  [ 1] , [2]  while  the  correct  simulation 
of  curved  end-wall  in  the  matrix  method  requires  complicated  "computational  stencils"  [ 3)  . 

A Finite  Element  method  is  presented  in  this  paper  for  the  calculation  of  the  meridional  through-flow  in 
a turbomachine  which  doesn't  suffer  from  these  difficulties.  Quadrilateral  curved  (isoparametric) 
elements  are  used  which  can  simulate  accurately  the  curvature  of  boundaries  while  estimations  of  stream- 
line curvature  do  not  appear  in  the  calculation. 

After  deriving  the  equation  for  the  stream  function  which  is  solved  in  its  quasi-harmonic  form,  the 
finite  element  technique  is  described.  The  calculation  method  can  handle  any  geometry,  axial  or  radial, 
and  examples  of  results  are  presented.  Comparison  with  an  analytical  solution  for  the  downstream  part 
of  an  annular  transition  with  swirling  flow  gives  indications  on  the  accuracy  of  the  computation  method. 
Examples  are  also  shown  of  a transonic  axial  compressor  and  an  axial  turbine  calculation.  Besides,  the 
coupling  of  the  main  flow  with  an  end-wall  boundary  layer  calculation  method  for  axial  compressors  is 
briefly  described  and  some  results  are  presented., 

1.  BASIC  EQUATIONS 

Starting  from  the  three-dimensional  flow  equations  in  the  relative  system,  with  the  introduction  of  the 
energy  equation  in  the  form  of  the  first  principle  of  thermodynamics  and  the  definition  of  the  rothalpy  I 

~ - W A ($  A $)  =T$s-$I+  F,/p  (1) 

ot  i 

|£-  + V p W = 0 (2) 

3 1 

I - h + W2/2  - (02r2/2  = H - U V 


(3) 
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where  W and  V are  the  relative  and  absolute  velocities,  h the  static  enthalpy,  s the  entropy,  U **  wr, 
and  ^ the  sum  of  viscous  and  turbulent  shear  stresses,  one  can  derive  the  meridional  through-flow 
equations  in  different  ways. 

Following  C.H.  Wu’s  SI,  S2  surfaces  approach  [4]  , equ.  (J)  is  projected  on  a meridional  type  of  stream 
surface  S2  with  derivatives  along  this  surface  and  the  introduction  of  body  forces  replacing  the  blades. 
This  requires  the  knowledge  of  this  surface  or  a more  or  less  arbitrary  assumption  of  its  shape. 

Another  approach  consists  in  integrating  equ.  (1)  and  the  continuity  equation  (2)  over  a pitch,  from 
pressure  side  of  a blade  to  the  suction  side  of  the  following  blade  [ 5]  , [ 6]  • In  this  way  equations 
are  obtained  for  the  pitch-averaged  equations,  whose  projections  in  cylindrical  coordinates  (r,  6,  z) 
contain  the  orojections  of  the  terms  of  equ.  (1) (for  the  pitch-averaged  quantities)  plus  a blade  force 
term  and  a certain  number  of  terms  describing  the  deviations  from  axi symmetry.  These  terms,  which  are 
neglected  in  the  axisymmetric  approximation,  could  be  estimated  within  the  blades  from  the  knowledge 
of  the  blade-to-blade  flow.  However,  as  shown  in  ref  [ '>]  , the^e  terms  are  generally  small  and  propor- 
tional to  the  loading  inside  a blade  row.  Outside  a Made  row,  the  main  contribution  comes  from  the 
wakes  and  an  estimation  based  on  a simplified  wake  model  [ 7]  , shows  that  the  contributions  from  the 
non-axi symmetry  to  the  meridional  through-flow  are  proportional  to  the  total  pressure  loss  coefficients 
and  are  generally  small,  except  maybe  in  the  end-wall  regions. 

Therefore,  neglecting  the  non-axi symmetric  contributions,  one  obtains  in  cylindrical  coordinates 


r h (b  r p V + h (b  p V = 0 

wz  [h  wr  - h wz>  - T If  - If  + r (r  V + <V  + Ff,r>/p 
wr  [lr  hz  - h V “ T If  - H + r h <r  V ♦ (Fb,z + Ff,z>/p 
ik*  V “ (Fb,e  + 


(4) 

(5) 

(6) 

(7) 


where  all  variables  are  pitch-averaged  quantities , b is  the  tangential  blockage  factor 
b = I - f/s 


(8) 


with  t the  blade  thickness  and  s the  pitch;  to  is  the  coordinate  along  a meridional  streamline  and 

F.  is  the  blade  force. 

0 

Introducing  a stream  function  in  order  to  satisfy  the  continuity  equation  (4),  through 


|i  » p r b Wz 


(9a) 


- p r b Wr 


(9b) 


and  introducing  equ.  (9a)  and  (9b)  in  the  radial  component  of  the  momentum  equation  [ 5] , one  obtains 

W„ 


3_ 

3r 


(— ~ — \ + — (—1—  -■£.)  = — [ — - x — t v - F /p-F  /pi 

prb  3r‘  3z  Vb  3z'  W 1 3r  3r  r 3r  fi  b,r  f,r  1 


(10) 


; f. 

; jy. 
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This  well  known  form  for  the  radial  equilibrium  equation  is  however  not  applicable  to  radial  geometries 

where  the  axial  velocity  W will  go  to  zero.  One  could  then  use  the  axial  component  of  the  momentum 

z 

equation  (6);  but  a more  unified  approach  is  obtained,  following  Bosman  & Marsh  [ 8] , if  the  equations 
arc  projected  along  the  direction  of  (?,  A K)  taking  advantage  from  the  relations 


?.  . t?  « 0 

O 


?f  A 5 * 0 


ana 


00 
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In  this  way,  the  r.h.s.  of  equ.  (10)  becomes  for  a rotor 


p r b f ' ^2  f?  <Wz  + W9  8)  + (Wt  ' W9  t«  « - V • « 8 ~ ~h  (r  Vfl).tg  6 


1 3_ 
r 3r  '*  ’8' 


1 3_ 
r 3z  " '0' 


with 


and 


tg  8 - W0/Wm 


W tg  0 + W - W tg  8 “ 0 

t 0 Z 


02) 

(13) 

04) 


It  is  interesting  to  note  that  the  forces  do  not  appear  anymore  although  they  are  not  neglected. 

An  analogous  expression  is  obtained  for  a fixed  blade  row  and  outside  a blade  row  in  a duct  region,  the 
r.h.s.  becomes 


„ r dH  _ ds  ’8d  „ „ , 

p * dip  T dip  r dip  r V0 

where  H is  the  stagnation  enthalpy. 

2.  THE  FINITE  ELEMENT  METHOD 


(15) 


The  basic  principles  of  the  Finite  Element  method  can  be  summarized  through  the  three  following  steps 


a)  Division  of  the  physical  domain  into  subdomains  of  simple  geometrical  forms  (triangles,  quadrilateral", 
rectilinear  or  curvilinear).  Each  subdomain  <$  ^e'  is  called  a finite  element  and  contains  nodes  on 
ts  boundaries  or  inside  the  subdomain  (fig.  1).  Moreover  the  elements  may  not  overlap  and  have  to 
;over  the  whole  physical  domain 


£(e)  na(e’)  , 0 


(16) 

(17) 


The  fact  that  the  form  of  the  elements  need  not  be  of  regular  shape  allows  easily  to  take  into 
account  the  presence  of  irregular  or  curved  boundaries. 

b)  Definition  of  interpolation  functions  whereby  the  field  variables  are  locally  approximated  in  each 
finite  element  by  a combination  of  continuous  interpolation  functions  and  by  the  nodal  values  of  the 
unknown  functions  (which,  by  the  way,  may  also  be  values  of  the  derivatives  of  the  field  variables). 

Denoting  by  <p  ^ the  approximation  of  the  unknown  field  variables  in  element  e and  by  the  values 

at  the  node  j,  one  assumes  the  form 

.(e) 


<p(e)  (x)  » l N<e)  (x)  ^e) 
j»l  J - J 


(18) 


(e) 

where  N.  ' are  the  shape  functions  in  element  (e)  depending  on  the  coordinates  x (x  denotes  a set  of 
J (e) 

coordinates)  and  s is  the  number  of  nodes  in  element  (e) . 

(e)  (e) 

In  a two-dimensional  domain  (r,  z),  N^  (x)  s N.  (r,  z) 

From  the  definitions  (18),  for  each  node  i within  the  element  e 

.,(®)  j*..\  _ n i c „ (Z  <h(®) 


N^  (x.)  « 6.. 
J -t  1J 


and 


Nje;  (x)  =0  if  x £ ^ 


(19) 


where  35.  are  the  coordinates  of  node  i. 


The  explicit  form  of  the  interpolation  functions  N^  depends  on  the  form  of  the  elements,  the  number  of 
nodes  and  on  the  order  of  the  differential  equations  to  be  solved. 


r ^£=j 
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The  most  effective  form  for  the  shape  functions  are  polynomial*.  The  FE  method  tnen  amou  .ts  to  a 
piecewise  continuous  polynomial  approximation  for  the  field  functions. 


c)  The  definition  of  a basic  integral  functional  equation  equivalent  to  the  field  equations  to  be  solved. 

This  is  probably  the  most  essential  and  particular  step  of  the  formulation  of  a finite  element 

approximation  since  it  allows,  after  replacement  of  the  field  variables  by  the  approximation  (18)  for 

each  element  to  obtain  an  algebraic  system  of  equations  for  the  unknown  nodal  values  4^  . Indeed 
■ , j * 

if  the  functional  equation  is  written  as 


I i 


h (4,  34,  . ..)  dx  + 


3D 


g (4,  34,  . . .)  dx  = 0 


insertion  of  equation  (18)  and  consideration  of  equation  (17),  allows  to  writ,. 


(20) 


I = E X =0 
e 
e 

leading,  in  each  element,  to  an  algebraic  system  for  the  4?  of  the  form 

k.(e)  4^e)  = F<e) 
xj  J i 


(21) 


(22) 


or  with  usual  notations 

[k(e)]  (4(e)}  = {F(e) } 

(e)  (e) 

whereby  k .j  and  F_.  are  integrals  of  combinations  of  products  of  shape  functions  and  their 
derivatives  and  can  therefore  be  calculated  at  least  numerically. 


The  assembly  rule 

I - E I 
e e 

leads  to  the  final  algebraic  system 


(24) 


[K]  {4}  = {F} 

The  matrix  K is  calles  the  "stiffness  matrix"  (with  analogy  to  elasticity  problems). 


(25) 


The  assembly  rule  implies  certain  continuity  conditions  along  the  inter-element  boundaries  in  order 
that  the  sum  of  the  integrals  on  the  inter-element  boundaries  cancels  in  the  sum  (21). 


Expressed  from  an  engineering  point  of  view,  see  ref.  [ 9)  , this  leads  to  certain  continuif-'  conditions 
for  the  shape  functions.  If  one  denotes  by  r the  order  of  the  highest  derivative  securing  in  the 
integral  equation  (20),  then  the  criterion  states  that  the  field  functions  must  satisfy  to  the 
continuity  of  all  derivatives  up  to  order  (r  - I ) accross  the  element  boundaries.  For  r = 1,  this 
implies  continuity  of  the  function  while  for  r » 2,  continuity  of  the  function  and  the  first  derivative 
are  imposed  accross  the  element  boundaries.  This  appears  to  be  a sufficient  but  not  always  necessary 
condition. 


We  may  add  a this  stage,  that  a sufficient  (but  not  always  necessary)  condition  for  convergence  of  the 
F.E.M.  when  the  size  of  elements  tends  to  zero,  is  that  the  set  of  shape  functions  must  be  able  to 
represent  any  constant  value  of  the  field  variables  and  derivatives  up  to  order  r within  an  element. 
This  implies 
(e) 

! N^e)  (x)  = 1 x € (26) 

j-1  J 

More  rigorous  formulations  can  be  found  in  [ 10] . 


An  integral  formulation  for  equ.  (10)  can  be  obtained  by  the  Galerkin  method  of  weighted  residuals. 
Writing  this  equation  under  the  general  form 


I >£  S. 

1£  | 

£ 4 


•i  £ 
f i- 


H 
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RV  <*>  5fe  (kf)  +fe  <kff>  + f<r>  *>  *>  = 0 


(27) 


where  k = l/o  b r and  f is  minus  the  r.h.s.  equ.  (13)  - (15). 


The  boundary  conditions  are  \p  = 0 at  the  hub  wall,  ij;  <=  m/2it  where  m is  the  mass  flow  rate  at  the  tip  wall, 


34  , ^ »}j 

“ = O or  ip  imposed  at  the  entrance  section  and  — ■=-  = 0 at  the  outlet  section, 
dn  3n 


If  ip  is  an  approximation  to  tp,  satisfying  the  boundary  conditions  along  the  parts  of  the  boundary  where 
ip  is  fixed,  then  the  residual 


R Op)  i*  0 


(28) 


and  a "best  approximation"  will  be  defined  as  the  one  which  cancels  a weighted  average  of  R plus  a 
weighted  contribution  on  the  boundary  when  Neumann  conditions  are  present.  Therefore,  the  following 
integral  formulation  is  obtained  which  is  equivalent  (in  the  weak  sense)  to  the  original  differential 
equation 


W . R d n + 
V 


% 


W . P-  dC  = 0 
9n 


(29) 


where  C is  the  contour  enclosing  the  domain  $ . 

Replacing  R by  its  definition,  equ.  (27)  and  integrating  by  parts  the  following  form  is  obtained 


lk  (S  • f +5  !?>  - f (r>  z>  ♦>  ■ * d * ■ ° 


(30) 


wh’re  the  weight  functions  W can  be  arbitrarily  chosen. 


3.  calculation  procedure  with  finite  elements 


The  meridional  section  of  the  machine  is  divided  into  finite  elements  which  are  chosen  to  be  8-node 
quadrilateral  isoparametric  (curved)  elements  (fig.  2) . The  reason  for  the  choice  of  these  elements 
is  twofold  : it  enables  to  handle  accurately  curved  boundaries  and  complicated  geometries  like  in  radial 
machines  with  simple  meshes  and  at  the  same  time  provides  a high  order  of  accuracy  (probably  third  order 


based  on  linear  theory  [ 10]).  The  corresponding  shape  functions  N^  are  biquadratic  in  the  local 
coordinates  E,  n (fig.  2). 


Calculation  stations  are  chosen  and  disposed  in  the  duct  part  of  the  nachine  and  at  the  edges  and  center 
line  of  the  b ades  (fig.  3).  The  number  of  grid  points  on  each  sta  on  is  fixed  while  the  element 
distribution  is  generated  in  the  program. 


With  the  FE  approximation  in  each  element 


8 

1 ip.  N. 
i=l  1 1 


(31) 


where  tp.  are  the  unknown  values  at  the  nodes,  and  the  Galerkin  procedure  where  the  weight  functions  W 


are  chosen  equal  to  the  shape  fun' tions  N. , equ.  (30)  takes  the  matrix  form,  in  each  element  E 


[K]e  {,p}e  = {f}e 


(32) 


where  (ip)  is  the  vector  of  the  unknown  nodal  values  and 


1 K1  i j = 


3N.  3N.  3N.  3N . 

k (__L  _J.  + —L  _1)  a n 

3r  3r  3z  3z 


(33) 


» " . 


fH.ill 


Assembling  equations  (32)  for  all  elements,  the  complete  system  of  equations 


[ K]  {<Jj}  = {f } 


is  obtained. 


Equation  (35)  is  a non-linear  system  of  algebraic  equations,  which  has  to  be  solved  iteratively.  The 
whole  calculation  proc'dure  amounts  therefore  to  the  estimation  of  the  matrix  elements  (33)  and  (34)  ; 
this  requires  the  computation  of  the  flow  variables  at  all  nodes  in  order  to  estimate  k and  f,  the 
integration  being  performed  numerically  through  Gauss-point  quadrature  formula's.  After  this  step,  the 
algebraic  system  (35)  is  solved  with  an  elimination  method  adapted  to  the  banded,  symmetric  nature  of  the 
matrix  [ K]  and  an  iterative  procedure  is  established  to  handle  the  non-linear  character  of  the  system 
(35).  More  details  about  these  parts  of  the  calculation  can  be  found  in  [ 11]  and  [ 6)  . It  is  however 


worthwhile  to  mention  that  an  underrelaxation  coefficient  has  to  be  introduced  in  order  to  obtain 


convergence,  through 


{*}n+l  = C^n  + u ( {*}n+l  " {*U 


where  {il}  . , is  the  solution  of  (35)  obtained  at  iteration  (n+1)  while  {\Ji}  , is  used  to  start  the  next 

n+ l n+i 


iteration. 


4 . APPLICATIONS 


The  computer  code  based  on  the  finite  element  method  has  been  applied  to  various  situations.  Separate 
codes  have  been  developed  for  axial  compressors  and  axial  turbines  and  the  codes  can  handle  also  any 
ducting  configuration  axial,  radial  or  mixed  with  a representation  of  the  end-wall  curvature  oy  second- 
order  polynomials  within  each  element  as  a consequence  of  the  use  of  isoparametric  elements. 


4.1  Comparison  with  an  exact  solution 


An  axisymmetric  transition  ducting  with  swirling  flow  super-imposed  on  an  uniform  axial  velocity 
distribution  has  been  calculated  for  an  incompressible  flow. 


The  geometry  of  this  configuration  consists  of  two  cylindrical  annuli  at  different  radii  connected 
by  a transition  - fig.  4.  The  inlet  flow  is  composed  of  a uniform  axial  velocity  U (flow  from  left 


to  right)  superposed  on  a solid  body  rotations  = SI  r.  The  hub  radius  is  0.25  m at  inlet  and 


0.10  m at  outlet  while  the  tip  radious  changes  from  .35  m to  .2  m.  The  mass  flow  is  10  kg/sec  and 
„ _ ..  "I 


As  shown  by  Batchelor  [ 12]  an  analytic  solution  exists  in  the  downstream  region  which  can  be  expressed 
as  a combintation  of  Bessel  function's  for  an  incompressible  flow 


xp/p  = -5-  U (r2  - a2  ) + r [ A J (k  r)  + B Y (k  r)] 


where  R = 


Tne  coefficients  A and  B are  obtained  in  a straigh  forward  way  by  express! rg  that  the  walls  of  the 
downstream  part  are  streamfunctions  at  the  same  value  as  the  corresponding  upstream  part.  This  leads 


b bh  (a?  - bt>  Y.  (k  v - bt  (ah  - bh>  Y.  <k  v 
yi  (k  v - ji (k  v y>  (k  v 


and  B is  obtained  by  interchanging  Jj  with  Y^ , while  and  b^  denote  resp.  the  upstream  and  down- 
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stream  hub  radii  and  a^  and  b^  the  corresponding  tip  radii. 
The  downstream  velocity  profiles  are  obtained  by 


U + A k J (k  r)  + B k Y (k  r) 
o o 

S3  r + k A J!  (k  r)  + B k Y(  (k  r) 


(39) 

(40) 


Figure  4 shows  the  element  distribution  (dashed  lines)  and  the  calculated  streamlines  while  fig.  5 shows 
the  calculated  velocity  profiles  in  the  dowstream  region  compared  with  the  theoretical  values.  Excellent 
agreement  is  achieved  as  shown  on  fig.  6 where  the  relative  error  in  percent  of  the  actual  value  is 
plotted  in  function  of  radius  for  i|/,  and  V^.  As  can  be  seen  from  fig.  6 the  maximum  error  on  the 
streamfunction  is  less  than  .006  7.  while  the  error  on  the  axial  velocity,  is  everywhere  below  . C5  7.. 

As  for  Vg  the  error  remains  below  .002 

It  is  to  be  noted  that  no  underrelaxation  is  needed  for  incompressible  flows.  This  case  converged  in 
two  iterations  obtaining  root  mean  square  convergence  level  of  .05  51  and  required  30  sec  CP  time  on  a 
CDC  6500  for  406  nodes. 


4.2  Axial  Turbine 

The  three  stage  turbine  of  tost  case  2 has  been  calculated  with  the  finite  element  method,  fig  7. 


The  losses  and  deviations  are  calculated  with  the  Ainly-Mathieson  correlations.  Although,  as  seen 
on  fig.  8,  the  pressure  ratios  are  generally  too  high,  except  at  the  higher  mass  flow  of  7.58  kg/sec 
(at  design  speed),  the  radial  distributions  at  c.  itt  of  the  plotted  variables,  flow  angle,  total 
temperature  ratio,  axial  and  relative  Mach  numbers  agree  quite  well  with  the  data,  as  can  be  seen 
on  fig  9 to  12.  The  calculated  total  pressure  ratio  profiles  at  outlet,  although  shifted,  are  of 
the  correct  shape,  fig.  13.  On  all  figures  the  dashed  lines  are  the  experimental  results  and  the 
line  with  the  dots  are  the  calculated  values. 

4.3  Axial  compressors 

Various  axial  compressors  have  been  calculated  { 6]  , [111  with  the  FE  method.  Tha  loss  model  inclu- 
ded in  the  code  is  based  on  the  correlations  used  by  Davis  [ 13]  . 

Runs  performed  on  a two  highly  loaded  axial  flow  fan  [ 14]  and  on  other  cases  show  that  the  corre- 
lation is  generally  acceptable  although  the  stator  losses  have  a tendency  to  be  overestimated, 
especially  at  lower  speeds.-  The  deviations  are  in  general  fairly  well  predicted. 

Fig.-  14  shows  the  calculated  losses  and  cascate  angles  for  this  2-stage  fan  at  70  7.  of  design  speed 
for  the  second  stator  while  fig.  15  shows  the  corresponding  results  for  the  first  rotor  at  design 
speed  compared  to  experimental  data.  Examples  of  calculated  radial  distributions  of  relative  flow 
angles  and  Mach  numbers  are  shown  on  fig.  16  and  17  for  the  design  point  at  inlet  and  outlet  of  the 
two  rotors  together  with  experimental  results. 

4.4  End-wall  boundary  layers  in  axial  compressors 

The  blockage  introduced  by  the  end-wall  boundary  layers  has  a non-negligible  influence  on  the  whole 
flow  and  performance  of  an  axial  compressor,  and  blockage  factors  are  always  introduced  in  a way  or 
in  another  in  through-flow  calculations.  Either  they  are  introduced  more  or  less  arbitrarily  in  the 
calculations  or  boundary  layer  theories  can  be  used  for  this  purpose.  An  interesting  model  has  been 
proposed  recently  by  Mellor  & Wood  [ 15]  which  enables  the  prediction  of  blockage  and  end-wall  losses. 
An  extension  of  this  model  has  been  developed  in  ref.  [ 161  , [ 17]  in  order  tr  nredict  complete 
velocity  profiles.  Although  much  progress  is  still  necessary,  the  explicit  introduction  of  boundary 
layer  velocity  laws  (like  the  Mager  law  for  the  cross-flow  e.g.)  allows  the  calculation,  besides 
blockage,  of  wall  skewing  angles,  shape  factors  and  skm-friction  coefficients  of  the  three-dimen- 
sional end-wall  layer  . An  example  of  calculated  boundary  layer  parameters  is  shown  here  for  me 
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four  stage  compressor  of  test  case  5.  Fig.  18  shows  the  geometry  of  the  compressor  while  fig.  19  and  20 
show  the  axial  variation  at  hub  and  tip  of  axial  displacement  thickness  and  wall  skewing  angle  for  a 
reduced  mass  flow  of  13.5  kg/s  at  60  Z design  speed.  The  resulting  complete  velocity  profiles 

behind  rotors  is  also  shown  in  fig.  21  for  the  same  point.  Also  shown  on  fig.  19,  is  the  axial  dis- 
placement thickness  as  calculated  with  the  original  Mellor  4 Wood  theory  which  assumes  constant  shape 
factor  and  provides  no  means  of  estimating  the  wall  skewing  angle.  Inherent  in  the  theory  is  also  the 
influence  of  efficiency  due  to  end-wall  losses.  Calculated  efficiencies  for  this  mass  flow  are  87.1  Z 
without  these  losses  and  82.3  Z when  the  end-wall  losses  are  taken  into  account. 

CONCLUSIONS 

The  application  of  the  Finite  Element  Method  to  through  flow  calculations  appears  to  have  the  advantage 
of  being  able  to  handle  arbitrary  geometries  in  a straightforward  way  without  the  uncertainties  connected 
to  estimations  of  curvatures.  Besides  high  accuracy  can  be  obtained  with  simple  computational  meshes. 

Examples  of  a swirling  flow  in  a ducting  configuration  as  well  as  axial  turbine  and  compressor 
calculations  illustrate  the  accuracy  and  versatility  of  the  method,  which  appears  therefore  to  present 
a valid  alternative  to  the  other  existing  numerical  techniques  for  through-flow  calculations  in  axial 
turbomachinery. 
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Fig.  9 Outlet  flow  angle  profile  at  m « 7.58kg/s  Fig.  10  Outlet  total  temperature  profile  at 

for  test  case  2.  m • 7.58  kg/s  for  test  case  2. 

red 
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Fig.  11  Outlet  axial  Mach  number  distribution  at  Fig.  12  Outlet  relative  Mach  number  distribution 
mred  * 7.58  kg/s  for  test  case  2.  at  m ^ = 7.58kg/s  for  test  case  2. 


Fig.  13  Outlet  total  pressure  profile  for  m = 7.58kg/s  for  test  case  ?. 
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Fig.  15  Tvo-stage  fan  : deviations,  incidences  end 
losses  at  first  rotor  at  design  speed. 

0 : expenrental  incidence,  X : experimen- 
tal deviations  and  losses. 
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Fig.  16  IVo-stage  fan  : relative  Mach  nunber  and 

flov  angles  distribution  at  firct  rotor  out- 
let at  dtsign  speed.  0 : experimental  va- 
lues at  inlet , X : experimental  values  at 
outlet. 


17  TVo-st  xge  fan  : relative  Mach  rjrber  and 
flow  angles  distribution  at  second  rotor 
outlet  at  design  speed.  0 : experimental 
values  at  inlet,  X : experimental  va2jes 
at  oulet. 
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Fig.  18  Geometry,  element 
distribution  and 
calculated  s',  veam- 
lines  for  the  4 
stage  compressor 
of  test  case  5. 
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19  Axial  displacement  thickness  of  end-wall  boundary  layers  a 
<•  . = 13.5  kg/s  and  60  Z design  speed  for  test  case  5. 
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Fig.  20  Wall  skewing  angle  of  end-wall  boundary  layers  at 

m = 13.5  kg/s  and  6C  Z design  speed  for  test  case  5. 
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COMMENTS 


Comment  by  H.Marsh,  University  of  Durham,  UK 

(a)  The  matrix  through-flow  method  has  Mach  number  limitations.  Is  the  finite  element  method  subject  to  the 
same  restrictions  on  Mach  number? 

(b)  Since  the  time  of  computation  is  of  the  same  order  as  for  the  streamline  curvature  and  matrix  methods,  it 
would  appear  that  the  main  advantage  of  the  finite  element  approach  is  that  it  can  be  extended  to  three 
dimensions.  Is  this  correct? 

Authors’  response: 

(a)  The  Mach  number  limitation  is  defined  by  subsonic  meridional  velocity  *nei.  the  tangential  velocity  is  unposed 
instead  of  the  flow  angle.  So  even  when  the  blade  angles  are  given  and  flow  angles  defined  through  correla- 
tion for  the  deviation,  one  can  work  in  the  iterative  process  as  if  the  tangential  ’ elocity  were  given.  Figure 
16  of  the  paper  shows  a case  where  the  inlet  Mach  number  at  tip  of  the  first  rotor  is  1.5  and  which  was 
run  without  any  problem. 

(b)  One  of  the  advantages  of  finite  element  method  is  indeed  the  ease  with  which  it  can  be  extended  to  three 
dimensions.  However,,  we  feel  that  even  in  two  dimensions  there  should  be  some  advantages  with  respect 
to  streamline  curvature  and  matrix  method.  In  particular,  the  approach  with  isoparametric  elements  allows 
a simulation  of  curved  boundaries,  even  in  strongly  curved  (e.g.  mixed  or  radial!  geometries  without  loss  in 
accuracy  and  without  any  modification  in  the  computer  coding.  Besides,  the  erder  of  accuracy  of  the 
8-nodec  elements  (with  biquadratic  shape  functions)  is  third  order  for  the  corresponding  linear  problem 
(see  Reference  10  of  the  paper),  while  an  equivalent  accuracy  can  only  be  achieved  m a matrix  method  for 
a centnfugal  type  of  geometry,  e.g.  by  a computational  “stencil”  of  1 1 to  15  points  as  shown  by 
W.R.Davis3.  This  implies  that  an  equivalent  accuracy  could  be  obtained  in  a FE  approximation  with  a 
coarser  mesh.  Another  point  would  also  lie  in  the  generality  w'th  which  the  elements  can  be  distributed 

in  the  calculation  domain  by  only  defining  calculation  stations  (which  can  be  curved  in  order  to  match  a 
curved  leading  edge  e.g.)  without  the  necessity  of  having  to  define  a complete  calculation  mesh  by  some 
particular  distorted  mesh  for  a given  geometry. 

Comment  by  A.Neal,  National  Engineenng  Laboratory,  UK 

(a)  How  do  you  evaluate  the  'E  derivatives  in  the  RHS  of  the  “Poisson”  equation? 

(b)  What  level  of  W continuity  do  you  use7 

(c)  Will  you  use  a stram  function  formulation  or  primitives  for  three-dimensional  work? 

Authors’  response: 

(a)  The  'P  derivatives  are  evaluated  through  the  FE  approximation  since. 

'E  = S'EiN1(r,z) 

d'F  v 3N,  d'E  V 3N, 

— =Z.'Fir-i,  — =2-*,“. 

3r  i dr  dr  i dz 

(b)  The  continuity,  sufficient  to  insure  convergence,  is  continuity  of  the  function  values  only  at  the  inter- 
elemer.t  boundaries.  It  is  therefore  not  necessary  to  insure  continuity  of  the  derivatives  of  the  shape 
functions  at  mterelement  boundaries,  which  gives  a broader  possibility  of  choice  for  the  shape  functions. 

(c)  In  a fully  three-dimensional  calculation,  you  cannot  use  a stream  function  which  is  only  defined  in  two- 
dimensional.  One  can  therefore  use  either  a potential  function  or  the  primitive  variables.  Actually,  the 
most  straightforward  way  would  be  a potential  function  formulation  since  this  requires  only  one  unknown 
at  each  node  and  the  extension  from  the  actual  two-dimensional  code  to  a three-dimensional  variable  formu- 
lation is  feasible  and  probably  more  appropriate  for  calculation  of  transonic  flows  with  shock  capturing. 

Comment  by  J.Fabri,  ONERA.  France 

Could  you  give  some  ideas  how  the  computation  time  compared  with  other  methods'7 
Authors’  response: 

For  the  axisymmetnc  transition  with  swirl,  which  is  an  incompressible  calculation,  we  have  a 406  nodes  and 
the  case  convergence  in  two  iterations  with  a computation  time  of  about  30  sec  on  a CDC  6400.  For  the  highly 
loaded  two-stage  fan  of  NASA,  we  showed,  the  calculation  time  depends  on  the  Mach  number  level  due  to  the 
under-relaxation  factor  with  decreasing  Mach  number.  At  70%  design  speed,  the  calculation  requires  about  45  sec 
while  at  design  need  with  ini’t  relative  Mach  numbers  at  tip  of  '.5.  the  computation  time  is  around  85  sec. 

We  feel  that  these  computation  tunes  are  comparable  to  the  times  required  by  the  other  methods. 


Comment  by  T.McKain,  Detro't  Diesel  Allison,  USA 

(a)  When  you  go  inside  the  blade  row,  how  do  you  specify  the  stream  surface  that  you  are  calculating  on,  or 
the  work  input  on  that  surface9 
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(W  blade  s«U.n,  do  you  do  a Wade  .0  blade  analysis? 

(c)  Do  you  find  mueh  different  oufie,  diaunnrs  if  you  use  different 

““S'  TO.  - * 00.  define  a strean.  surface  as  * are  wo, bins  on  pitch  ~P  vaiues.  We  us.  an 

symmetric  approximation.  ^ djd  wg  could  estimate  the  inner  biade  variation. 

<b)  ^ - — radiai  distribntton.  Thi!  „ 

« »JK ,he - s" '"”ir'8 ev0,u"°" “e 

the  blading. 
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SUMMARY 


A numerical  calculation  of  the  steady,  invlscid,  three  dimensional  flow  in  a isolated  transonic  com- 
pressor rotor  has  been  completed  using  MacCormack's  second  order  accurate  time-marching  scheme.  This 
rotor  has  a tip  Mach  number  of  1.2,  an  overall  diameter  of  2 feet,  and  inlet  hub/tlp  ratio  of  0.5.  The 
computed  rotor  total  pressure  ratio  is  1.82.  Comparisons  between  the  numerical  solution,  measurements 
of  the  intra-blade  static  density  field  obtained  by  gas  fluorescence,  and  time  resolved  exit  flow  measure- 
ments showed  that  the  inviscid  computation  accurately  models  transonic  rotor  aerodynamics  and  rotor  blade 
pressure  distributions  in  the  upstream  portions  of  the  blade  passages,  the  viscous  effects  influencing 
mainly  the  downstream  flow. 

INTRODUCTION 

Analysis  of  flow  in  high  speed  compressor  stages  has  usually  been  limited  to  Inviscid  solutions  for 
either  the  axisymraetric  or  the  "gap-wise"  averaged  through-flow.  These  solutions  typically  depended  on 
experimental  cascade  correlations  to  provide  required  blade  forces  or  flow  turning.  Quasi-three  dimension- 
al inviscid  solutions  for  realistic  geometries  are  now  being  developed  for  use  in  highly  loaded  stages 
where  the  axisymmetric  solutions  are  inadequate,  for  examples  see  references  (1,2).-  These  procedures 
typically  consist  of  an  Iteration  betweer  different  two  dimensional  flow  solutions:  an  axisymmetric 

solution  along  a mean  meridional  streamsurface  and  solutions  along  several  blade  to  blade  surfaces  at 
different  radii.  Blade  forces  needed  for  the  axisymmetric  solution  are  determined  from  the  blade  to  blade 
solutions;  while,  the  blade  to  blade  solutions  attempt  to  include  three  dimensional  flow  effects  like 
meridiona1  streamline  curvature  and  convergence  as  determined  from  the  axisymmetric  solutions. 

For  compressor  rotors  with  transonic  inlet  Mach  numbers,  neither  pure  axisymmetric  or  quasi-three 
dimensional  solutions  are  expected  to  yield  accurate  results  due  to  the  strong  coupling  between  different 
sections  of  the  flow  field.  It  is  the  purpose  of  this  paper  to  report  on  a fully  three  dimensional 
solution  procedure  which  has  been  used  to  study  the  flow  in  a highly  loaded  transonic  axial  compressor 
rotor.  This  procedure  utilizes  MacCormack's  time-marching  finite-difference  method  tc  compute  a steady 
state  solution  to  the  inviscid  flow  equations  or  Euler  equations.  A computed  flow  solution  will  be  com- 
pared to  intra-blade  static  density  measurements  obtain»d  by  gas  fluoresence,  reference  3,  ar>d  to  time 
resolved  exit  plane  flow  measui  raents  obtained  for  the  rotor's  design  point. 

NUMERICAL  PROCEDURES 


Full  details  of  the  numerical  procedures  used  a ra  contained  in  references  (9,5)  and  only  a summary 
of  these  methods  will  be  presented  in  this  paper.  Thu  governing  partial  differential  equa. ions  solved  in 
this  study  were  the  three  dimensional  Euler  equations  which  are  the  inviscid  momentum  equations  plus  the 
continuity  equation.  Since  only  weak  shock  waves  were  expected  to  appear  in  the  solution,  the  energy 
equation  '.as  replaced  by  the  isentrooic  flow  assumption.  Implementation  of  the  blade  surface  boundary 
condition,  that  the  flow  be  tangent  to  the  blade,  is  Simplest  in  a reference  frame  rotating  with  the  rotor. 
The  Euler  equations  for  this  frame  and  in  cylindrical  coordinates  become: 
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The  physical  flow  domain  is  illustrated  by  figure  1 which  shows  the  test  rotor  as  seen  looking 
radially  inward.  Especially  important  geometric  features  are  the  35°  hub  surface  slope  and  the  25°  blade 
twist  from  hub  to  tip.  The  domain  is  bounded  at  the  blade  tips  by  a cylindrical  casing.  By  symmetry  the 
domain  is  reduced  to  one  blade  passage  bounded  by  the  hub  and  tip  casing  and  the  suction  and  pressure 
surfaces  of  two  adjacent  blades. 

This  complexly  shaped  domain  is  transformed  to  one  which  is  geometrically  simple  by  a coordinate 
stretching.  The  stretching  maps  the  blade  surfaces  onto  untwisted  planes  and  maps  the  hub  surface  onto 
the  Z axis.  The  stretched  or  computational  domain  is  shown  in  figure  2. 

Solutions  to  these  aquations  were  obtained  in  the  computational  domain  using  MacCormack's  method, 
see  reference  (6).  It  is  a two-step,  explicit,  second  order  accurate,  conditionally  stable  method.  This 
method  is  used  because  it  is  relatively  simple,  easily  adapt  id  to  various  coordinate  transforms,  and 
easily  handles  mixed  subsonic  and  supersonic  flows.  The  shock  capturing  nature  of  this  method  is  also 
essential  since  the  location  and  strength  of  shock  waves  appearing  in  the  flow  are  unknown.  The  addition 
of  artificial  viscosity  terms  was  necessary  to  stabilize  the  solution  procedure  along  sonic  surfa.es  and 
near  blade  leading  and  trailing  edges.  _ 

The  blade  surface  boundary  condition  for  inviscid  flow,  V • n = 0,  is  applied  with  second  order 
accuracy  through  the  use  of  a body  centered  coordinate  system. reln  this  orthogonal  coordinate  system, 
defining  sketch  show,,  uelow,  derivatives  of  fluid  quantities  in  a direction  normal  to  the  blade  surface 
are  found  and  used  to  predict  the  fluid  state  at  an  auxiliary  point.  MacCormack's  method  is  used  at  the 
boundary  point  as  if  they  were  interior  points. 
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interior 

point 


In  these  coordinates  the  normal  momentum  equation  becomes: 
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For  simplicity  the  centrifugal  and  coriolis  accelerations  are  expressed  in  terms  of  the  base  (r,0,Z) 
coordinate  system.  Since  : 1 this  equation  reduces  to 
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For  the  case  of  irrotatlonal  transonic  flow  when  the  principle  rad » i of  curvature  are  not  small,  it  was 
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shown  in  reference  (4)  that  a second  order  accurate  approximation  for  is  provided  by  reflection  in  the 


blade  normal  direction,  l.e.  (u  ).  , 

n J - 1 


-(un>3  + r 


These  conditions  were  fulfilled  for  the  test  rotor. 


The  upstream  and  downstream  boundary  conditions  which  guarantee  a unique  stable  solution  are  not 
known  in  general  for  this  problem,  and  we  must  be  guided  by  experience  and  intuition  in  formulating  these 
conditions.  For  the  highly  loaded  rotor  calculation,  conditions  similar  to  those  imposed  during  a 
compressor  test  were  found  to  be  adequate.  That  is,  the  inlet  stagnation  state  of  the  fluid  and  the  mean 
outlet  static  pressure  were  specified.  The  rotor  mass  flow  rate  was  determined  aa  part  of  the  solution. 
Fluid  state  variables  were  calculated  at  these  boundaries  using  an  unsteady  analysis  for  the  axisymmetric 
flow.  For  the  test  rotor  geometry,  this  analysis  reduces  to  one  dimensional  unsteady  flow  along  the 
meridional  stream  surfaces. 

This  simplification  does  imply  some  inconsistencies  at  the  boundaries.  In  particular,  at  the  upstream 
boundary  the  transmission  of  acoustic  disturbances  is  falsified;  at  the  downstream  boundary  vorticity 
convection  is  distorted.  The  acoustic  disturbances  carry  very  little  energy  and  their  falsification  can 
have  little  influence  on  the  flow  over  the  rotor.  At  the  downstream  boundary  the  specified  axisymmetric 
flow  is  potentially  inconsistent  with  the  blade  flow  solution  if  that  solution  requires  a significant 
amount  of  radial  vorticity  to  be  present  at  the  computational  boundary.  For  the  present  calculations, 
this  inconsistency  does  not  appear  to  be  important  even  though  some  radial  vorticity  is  shed  by  the  r"tor. 
This  vorticity  is  considerably  modified  by  the  cumulative  action  of  the  artificial  viscosity  terms  and  by 
the  inherent  dissipation  and  dispersion  of  the  numerical  scheme. 

Limitations  of  computer  time  and  storage  prevent  detailed  flow  resolution  near  leading  and  trailing 
edges.  These  points  are  dealt  with  by  the  expedient  of  placing  them  between  grid  points  or  by  considering 
the  edges  to  be  infinitely  thin.  The  Kutta  condition  is  imposed  at  the  trailing  edge  by  requiring  that 
the  suction  and  pressure  surface  flow  angles,  in  a plane  normal  to  the  blade  axis,  and  the  pressure  be 
equal  at  the  last  grid  point  on  the  blade.  This  procedure  allows  a slip  surface  to  form  in  a plane 
tangent  to  the  trailing  edge.  The  movement  of  this  surface  is  not  explicitly  followed  in  the  calculation. 


RESULTS 
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The  techniques  outlined  in  the  previous  section  have  been  used  to  compute  the  flow  in  a transonic 
compressor  rotor  whose  design  and  performance  are  representative  of  modem  stages.  This  rotor  has  a tip 
Mach  number  of  1.2,  a total  pressure  ratio  of  1.65,  an  inlet  hub  to  tip  ratio  of  0.5,  and  an  inlet  axial 
Mach  number  of  0.5.  The  computed  solution  has  a rotor  total  pressure  ratio  of  1.82  with  an  inlet  Mach 
number  of  0.46.  Because  of  the  large  expenditure  of  computer  time  necessary  for  a three  dimensional 
solution,  this  calculation  was  terminated  when  the  solution  was  further  from  steady  state  than  would 
normally  be  desired.  A residual  unsteadiness  of  5 percent  is  present  at  some  points  in  the  domain,  but 
the  major  features  of  the  solution,  such  as  rotor  totul  pressure  ratio  and  shock  wave  strength,  have 
been  stable  for  over  80  time  steps. 

The  mixed  subsonic  and  supersonic  flow  inherent  in  a transonic  compressor  rotor  is  clearly  shown  by 
figures  3 through  6,  which  show  contour  plots  of  the  relative  coordinate  system  Mach  number.  These 
contour  plots  are  projected  into  viewing  planes  from  blade  to  blade  surfaces  of  revolution  which  are 
equally  spaced  in  the  radial  direction.  Figure  3 Indicates  that  a strong  passage  shock  exists  at  the  tip 
radius  and  that  it  is  nearly  normal  to  the  flow,  a weak  oblique  shock  stands  in  front  of  the  rotor.  The 
approximate  location  of  the  computed  shocks  is  shown  as  dashed  lines  in  figure  3.  For  the  passage  shock, 
this  dashed  line  follows  the  Mach  number  equal  1.0  contour  which  is  at  about  the  midpoint  of  this  shock. 

The  importance  of  the  entrance  region  geonetry  is  shown  by  the  expansion  of  the  flow  up  to  a Mach  number 
of  1.7  on  the  suction  surface.  In  figures  4 and  5 the  passage  shock  can  be  seer,  to  weaken  and  move  forward 
relative  to  the  blades  as  the  radius  decreases..  The  oblique  shock  in  front  of  the  rotor  weakens  and  then 
disappears.  Figure  6 shows  the  Mach  number  contours  along  the  hub  surface.  A patch  of  supersonic  flow 
appears  on  the  suction  surface  in  an  otherwise  subsonic  flow.  The  angle  of  attack  at  this  radius  Is  about 
15°  larger  than  the  design  intent.  A sharp  recompression  terminates  the  supersonic  patch  and  extends 
across  the  blade  passage. 

The  flow  field  illustrated  by  these  figures  at  first  sight  appears  qualitatively  as  might  be  expected 
if  the  flow  were  quasi-two  dimensional.  One  illustration,  however,  that  this  flow  is  in  fact  strongly 
three  dimensional  is  shown  in  figure  7.  This  figure  shows  the  position  of  three  computed  blade  to  blade 
streamsurfaces , which  are  normally  called  SI  surfaces.  The  coordinates  of  these  surfaces  were  determined 
by  integration  along  fluid  particle  paths  originally  through  a constant  inlet  radius  line.  The  projected 
view  of  these  surfaces  is  the  one  which  is  seen  by  an  observer  facing  directly  downstream.  Near  the  tip 
radius  these  surfaces  approximate  a surface  of  revolution;  however,  at  smaller  radii  they  "annct  be 
approximated  as  surfaces  of  revolution.  The  middle  streamsurface  has  an  inlet  radius  rat,  0.772. 

At  the  rotor  exit,  che  streamline  on  the  blade  suction  surface  has  a radius  ratio  of  0.80;  wn^le,  the 
streamline  on  the  blade  pressure  surface  has  an  exit  radius  ratio  of  0.85.  This  radial  displacement  Is 
16  percent  of  the  blade  height.  At  a slightly  lower  radius  the  streamline  radial  displacement  reaches 
a maximum  value  of  20  percent.  This  waryage  or  streamline  radial  displacement  is  one  manifestation  of 
the  ctreamvi.se  vorticity  being  shed  by  the  rotor.  The  intricate  nature  of  the  flow  kinematics  is  illus- 
trated by  the  SI  surface  nearest  the  hub.  Along  the  suction  surface  the  flow  is  converging  in  the  radial 
direction  while  the  streamlines  are  diverging  in  the  azimuthal  direction.  The  reverse  situation  is 
occurlng  on  the  pressure  surface. 

Streamsurfaces  with  a different  orientation,  called  S2  surfaces,  are  shown  ir  figure  8.  These 
surfaces  are  determined  by  fluid  particles  which  initially  lay  on  three  radial  lines  near  the  blade 
pressure  surface,  at  mid-gap,  and  near  the  blade  suction  surface.  The  angular  distance  between  these 
surface?  has  been  exaggerated  to  allow  each  surface  to  be  seen  but  otherwise  they  are  to  the  same  scale 
and  viewed  as  figure  7.  This  figure  shows,  perhaps  more  clearly  than  figure  7,  t*-e  blade  to  blade  and 
hub  to  tip  variation  in  streamline  shape.  Of  particular  importance  is  the  fact  that  while  the  radial 
slope  of  the  streamlines  is  near  zero  at  the  succion  surface  it  generally  is  several  degrees  positive 
along,  the  pressure  surface  and  near  mid-gap.  This  difference  is  crucial  in  transonic  flows. 
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Comparison  to  Fluorescent  Deni.lty  Measurem'rts 

A comprehensive  series  of  measurements  of  . _ flow  in  the  test  rotor  have  been  carried  out  in 
the  M.I.T.  Blowdown  Compressor  Facility.  Thi.  facility,  which  is  described  in  reference  7,  allows  time 
resolved  aerodynamic  testing  of  full  scale  ccnpressor  stages  at  low  cost.  In  a blowdown  experiment,  the 
rotor  is  brought  up  to  speed  in  a vacuum,  a tiaphragm  is  opened,  and  the  test  gas  allowed  to  flow  for  a 
time  of  the  order  of  one  tenth  second,  during  which  time  the  rotor  is  driven  by  its  own  inertia.  A 
"steady-state"  test  time  of  approximately  40  n ill-seconds  is  provided  during  each  test  run. 

A unique  flow  visualization  study  of  the  flow  in  through  the  test  rotor  has  been  reported  by 
Epstein  (3).  He  was  able  to  visualize  the  instantaneous  static  density  field  using  a flourescent  gas, 

2,  3 butanedione,  as  a tracer.  In  this  technique,  the  flow  is  illuminated  along  a plane  using  a dye  laser. 
When  illuminated  at  the  proper  wavelength,  425nm,  the  tracer  gas  fluoresces  within  10-8  seconds.  The 
intensity  of  the  fluorescent  emission,  whe  photographically  recorded,  indicates  the  density  variation  in 
the  illuminated  plane.  Quantitive  density  maps  are  obtained  by  correcting  the  images  for  distortion  aid 
non-linearities  in  the  illumination  and  imaging  systems. 

The  visualized  density  in  a plane  with  a radius  ratio  of  0.88  is  shown  in  figure  9a;  the  fully 
corrected  density  map  is  shown  in  figure  9b.  The  computed  density  contour  map  along  the  same  plane  is 
shown  in  figure  10.  The  gas  fluorescence  technique  determines  only  the  relative  density  between  points 
in  the  flow  and  not  the  absolute  density.  For  comparison  with  ti  1 computed  density  field,  the  upstream 
density  in  the  fully  corrected  maps  has  been  set  to  the  computed  value  at  that  radius.  The  measured 
density  gradients  are,  of  course,  independent  of  the  upstream  density  value.  Comparison  of  figures  9b 
and  10  shows  that  the  flow  expansion  on  the  suction  surface  is  accurately  predicted  both  in  magnitude  and 
shape.  The  flow  expands  to  about  90  percent  of  the  upstream  density  at  a point  midway  between  the  lead- 
ing edge  and  the  passage  shock.  The  spatial  resolution  of  the  passage  shock  is  of  course  much  finer  in 
the  optical  density  measurements,  but  the  shock  strength  is  about  the  same  in  both  cases,  density  ratio 
of  1.35,  and  the  shock  falls  at  nearly  the  maximum  blade  thickness.  The  flow  visualization  also  shows 
the  passage  shock  to  terminate  in  a lambda  shock  formation  typical  of  a laminar  shock-boundary  layer  as 
would  be  expected  for  a sncck  of  this  strength.  A density  ratio  of  about  1.1  is  predicted  for  the 
oblique  shock  standing  in  front  of  the  rotor  while  the  measured  value  is  about  1.2.  In  addition  the  flow 
visualization  shows  the  bow  shock  to  be  detached.  The  computed  shock  strength  is  correct  for  an  attached 
oblique  shock;  however,  a small  decrease  in  the  upstream  Mach  number  would  require  that  the  computed  shock 
be  detached  as  it  is  in  figure  9a. 

Experimental  and  computed  densities  in  the  r/rt  = 0.30  plane  are  shown  in  figures  11  and  12. 

This  plane  is  at  a slightly  larger  radius  than  the  design  sonic  radius.  The  passage  shock  remains  strong 
in  both  cases,  density  ratio  of  1.3,  and  the  flow  expands  on  the  suction  surface  to  a density  nearly  equal 
to  the  upstream  density.  The  measured  strength  of  the  oblique  shock  is  large,  density  ratio  of  1.25; 
while,  the  computed  shock  strength  is  again  smaller,  about  1.05.  No  evidence  of  boundary  layer  separation 
is  found  at  this  radius.  The  important  three  dimensional  n. tare  of  this  flow  is  illustrated  by  the  fact 
that  the  suction  surface  expansion  does  not  continue  from  the  blade  leading  edge  up  to  the  passage  shock 
as  it  would  if  the  flow  were  two  dimensional.  The  predicted  minimum  density  point  also  occurs  in  this 
same  area  although  this  fact  is  not  clear  from  figure  11. 

At  a radius  ratio  of  0.70,  figures  13  and  i4 , the  character  of  the  flow  has  markedly  changed. 

In  the  visualized  flow,  the  bow  shock  has  been  replaced  by  a diffuse  compression  region.  The  computed 
inlet  Mach  number  is  1.08.  The  computed  flow  expands  to  a density  ratio  of  0.80,  relative  to  the  upstream 
flow,  at  about  the  35  percent  chord  point,  as  does  the  visualized  flow.  In  both  cases,  the  density  rise 
across  the  blade  passage  is  1.3. 

These  comparisons  demonstrate  that  the  inviscid  computation  accurately  predicts  the  intra-blade 
density  tield  upstream  from  obvious  viscous  phenomena  like  the  passage  shock  - boundary  layer  interaction. 
The  only  important  difference  is  the  consistent  under  prediction  of  the  oblique  shock  strength.  To 
determine  if  this  difference  is  due  to  insufficient  grid  resolution  at  tne  leading  edge,  the  difference 
in  rotor  total  pressure  ratio,  or  some  other  factor  such  as  an  unstarted  blade  passage  will  require 
further  work. 

Comparison  to  Measured  Rotor-Outlet  Flow 

Time  resolved  measurements  of  total  pressure,  static  pressure,  radial  flow  angle  and  pitch'iise 
flow  angle  behind  the  compressor  rotor  were  determined  using  probes  based  on  the  miniature  silicon-bonded 
transducer  diaphragms  produced  by  the  Kulite  Corporation.  Probes  which  can  be  used  to  resolve  highly  un- 
steady three  dimensional  flow  fields  can  be  produced  by  combining  several  of  these  diaphragms  into  one 
probe  body.  The  particular  design  used  in  these  measurements  is  shotm  in  schematic  form  in  figure  15. 

This  probe  functions  much  like  a five-hole  wedge  probe.  While  the  Kulite  diaphragms  have  a high  natural 
frequency,  up  to  150  KHZ,  mechanical  and  aerodynamic  phenomena  limit  the  useful  frequency  responses  to  no 
more  than  10  times  blade  passing  frequency  or  about  30  KHZ.  The  use  of  this  probe  is  fully  described  in 
reference  (4). 

The  average  performance  of  the  rest  rotor  was  well  predicted  within  the  limitations  of  an  in- 
viscid flow  analysis.  Radial  profiles  of  the  computed  and  experimental  total  and  static  pressure  ratio, 
theta  averaged,  are  shown  in  figure  16.  This  figure  shows  that  the  average  profiles  are  accurately 
predicted  even  though  the  computed  total  pressure  ratio  is  higher  than  the  expermental  value.  A contour 
plot  of  the  computed  total  pressure  ratio  in  an  r - 9 plane  immediately  downstrejan  of  the  rotor  is  shown 
in  figure  17.  Small  deviations  from  periodicity  with  blade  passing  period  in  this  map  are  artifacts  from 
the  contour  plotting  routine.  Figure  18  shows  an  experimentally  determined  total  pressure  map  for  the 
same  axial  location.  The  basic  radial  gradient  in  this  map  is  predicted  accurately,  but  local  details 
particularly  near  the  blade  wakes  are  not  predicted  well.  One  unusual  feature  of  the  flow,  the  paired 
spikes  in  total  pressure  ratio  near  an  r/rt  of  0.89,  does  appear  to  have  an  inviscid  origin  since  they 
appear  in  both  experimental  and  computed  maps. 

The  computed  average  flow  angles  in  the  relative  reference  frame  are  compared  to  the  experimental 
angles  in  figure  19.  For  r/rt  < 0.90,  the  predicted  angles  are  generally  one  to  two  degrees  lower  than 
tie  measured  values.  For  r/r£  > 0.90,  the  predicted  angles  are  generally  six  to  seven  degrees  lower  than 
thi  measured  \alues.  Both  the  time  resolved  pressure  measurements  ar.d  the  gas  density  measurements 
inaicated  that  an  unsteady  boundary  layer  separation  is  occurring  at  these  radii. 

Figure  20  shows  the  pitchwise  variation  of  the  computed  velocity  components  at  a radius  ratio 


of  0.75.  Figures  21  and  22  show  time  resolved  Mach  number  components  at  a comparable  location.  In 
figure  21,  the  areas  of  low  axial  Mach  number  are  the  eiscous  blade  wakes.  These  wakes  also  have  a large 
excess  of  pitchwise  velocity.  Between  these  wakes  the  structure  of  the  velocity  field  is  reasonably  well 
predicted  by  the  inviscid  computation.  In  particular,  the  computed  radial  velocity  has  a large  outward 
component  at  the  pressure  surface.  The  measured  radial  velocity,  figure  22,  also  has  a large  outward 
component  at  the  edge  of  the  pressure  side  af  the  wake.  Across  the  wake,  its  radial  Mach  number  decreases 
by  0.20  to  0.25  which  means  that  a large  cross  flow  velocity  exists  inside  the  wake.  Pitchwise  and  axial 
Mach  numbers  between  Che  wakes  are  generally  consistent  with  figure  20.  As  the  radius  ratio  increases, 
the  actual  flow  becomes  more  and  more  dominated  by  the  blade  wakes  and  the  separations  produced  by  the 
shock-boundary  layer  interaction.  As  this  transition  occurs,  the  agreement  between  the  -ompu-ted  and  the 
experimental  exit  velocities  becomes  progressively  poorer. 


DISCUSSION 

The  comparisons  in  the  previous  sectimc  indicate  that  the  inviscid  three  dimensional  computation 
accurately  models  the  flow  through  the  test  rotor  upstream  of  obvious  viscous  phenomena  like  the  shock- 
boundary layer  interaction.  Where  an  inviscid  core  ^low  exists  downstream  of  the  rotor,  its  details  are 
generally  consistent  with  She  computed  solution,  but  significant  interaction  between  the  core  flow  and 
the  wakes  occurs.  Where  boundary  layer  separation  and  flow  unsteadiness  are  important  flow  features, 
the  inviscid  computation  does  >ot  accurately  piedisrt  flow  details  as  would  be  expected.  A detailed 
prediction  of  the  rotor  exit  flow  will  i-equite  accurate  calculation  of  the  three  dimensional  separation 
region  behind  the  passage  shock  as  well  os-  me  movement  of  the  shed  viscous  wakes.  However,  tnu_.  of  the 
rocor  aerodynamics  and  blade  pressure  dassrubution  upstream  of  important  viscous  phenomena  can  be  under- 
stood with  a purely  inviscid  analysis. 

The  cost  of  a three  dimensional  rotor  calculation  while  large  is  not  prohibitive.  It  is  estima  ed 
that  a fully  converged  solution  for  toe  test  rotor  would  require  approximately  25  hours  ...  CPU  time  on  an 
IBM  370/168.  Such  an  expenditure,  whale  inappropriate  for  preliminary  design  studies,  is  a small  fraction 
of  the  resources  expended  by  the  major  engine  companies  css  new  fan  or  compressor  stage  designs.  It  is 
entirely  possible  that  the  Increases  understanding  of  the  flow  will  enable  performance  improvements  which 
will  fully  justify  the  expense  of  toe  computation.  This  is  yet  to  be  demonstrated. 

Time-marching  methods  such  as  MacCo  .Hack's  method  have  received  consideracle  criticism  because  of 
large  solution  times  compared  tc  relaxation  methods  or  implicit  methods,  for  t>pical  relaxation  solutions 
see  references  8 and  9.  In  geneni  the  time  marching  methods  appear  to  be  as  much  as  2 or  3 orders  of 
magnitude  slower  than  relaxation  methods  for  the  same  problems-  However,  genera]  relaxation  methods  f r- 
the  Eulerian  equations  are  not  available;  where  as,  the  full  Eulerian  o>-  Navier-Strokes  equations  can  be 
solved  by  time  marching,  hyperbolic,  methods.  If  accurate  solutions  to  problems  such  as  the  ignly  loaded 
transonic  compressor  rotor  are  required,  the  time-marching  methods  are  perhaps  the  only  available  methods. 
Tneir  total  solution  costs  can  be  reuuced  by  providing  an  initia.  condition  guess  as  close  to  the  true 
solution  as  possible,  perhaps  provided  by  relaxation  or  implicit  solutions  for  linearized  or  irrocational 
flow  fields. 
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COMMENTS 


Comment  by  Ch.Hirsch,  V.U.B.,  Belgium 

(a)  Did  I understand  you  correctly  when  you  said  that  your  calculation  is  not  isentropic?  How  do  you 
calculate  the  entropy  variation  across  the  shock? 


(b)  What  are  your  boundary  conditions  at  the  upstream  and  downstream  boundaries  of  the  passage? 

(c)  Have  you  to  impose  flow  angles  or  tangential  velocities  at  these  boundaries? 


Au'hors’  response. 

(a)  The  calculation  orocedure  does  assume  isentropic  flow  as  the  expected  shocks  are  weak. 

(b)  Upstream  boundary  conditions  are  that  the  fluid  stagnation  state  is  specified  that  the  inlet  swirl  velocity 
is  zero.  At  the  downstream  boundary,  a mean,  0 averaged,  static  pressure  is  imposed  on  the  hub  surface. 

(c)  The  axial  velocity  at  both  boundaries  is  allowed  to  float  as  the  calculation  proceeds,  thus  no  flow  angles 
are  imposed. 


Comment  by  D.Miller,  Carleton  University,.  Canada 

Have  you  considered  how  one  could  include  viscous  effects  into  thi;  method? 


Authors’  response: 

There  are  no  present  plans  to  produce  a fully  three-dimensional  viscous  code  at  M.l.T.  The  present  code  is  now 
being  adapted  to  add  a boundary  layer  analysis  and  adapt  the  blade  geometry  to  calculated  displacement  thickness. 
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THROUGH-FLOW  CALCULATION  PROCEDURES  FOR  AF PLICATION  TO  HIGH  SPEED 

LARGE  TURBINES 
by 

H.J.A.  COX 

Head  of  Theoretical  Aerodynamics  Group, 

GEC  Turbine  Generators  Ltd., 

Barton  Dock  Road,  Urmaton,  Manchester,  M31  2 LD,  England. 


SUOAH 

Major  difficulties  arise  in  the  evaluation  of  through  flow  solutions  relevant  to  conditions 
existing  within  the  rear  stages  of  large  modern  low  pressure  steam  turbines.  The  hi$ily  loaded  stage 
designs  in  whioh  convergent-divergent  profiles  are  used  require  computation  procedures  which  can 
accurately  allow  for  supersonic  Mach  numbers  at  both  guide  and  runner  blade  outlet,  high  values  of 
streamline  slope  in  the  meridional  plane  and  varying  quantities  of  moss  flow  tapped  off  between  stages. 
Tho  consequent  effect  of  these  conditions  on  turbine  performance  and  various  methods  by  whioh  they  can 
be  incorporated  into  a streamline  curvature  computation  process  are  discussed  together  with  the  use  of 
steam  thermodynamic  data.  Procedures  which  can  be  employed  to  obtain  numerical  stability  and 
convergence  in  the  computation  process  are  suggested  and  further  problems  concerned  with  the  avaluation 
of  off-design  solutions  are  briefly  considered. 


NOMENCLATURE 


local  acoustic  velocity, 
it  critical  acoustic  velocity. 

fluid  outlet  angle  relative  to  tangential 
direction  on  stream  surface, 
projection  of  B on  cylindrical  surface, 
fluid  absolute  velocity. 
rCz  tangential,  radial,  axial  component, 
v throat  flow  coefficients. 

7 choking  values. 

mass  flow  along  streamtube. 
total  enthalpy, 
relative  total  enthalpy. 
t total  enthalpy  drop  across  blading, 
static  enthalpy. 

Mach  number, 
isentropic  Mach  number, 
exit  value. 

H*.  meridional  and  axial  components, 
total  pressure, 
static  pressure. 

stream  function, 
leakage  flows 
INTRODUCTION 


radius. 

distance  between  adjacent  stream 

surfaces  J and  tj.  + St|. 

blade  pitch 

total  temperature. 

static  temperature. 

blade  peripheral  velocity. 

specific  volume. 

relative  velocity. 

loss  factor. 

profile,  secondary  loss  factors, 
guide,  runner,  duct  and  interspace 
loss  factors, 
axial  distance, 
deviatio-  . 

inclination  of  computing  station. 

efficiency. 

profile  efficiency. 

efficiency  debit  - power  loss. 

density. 

stream  line  slope  in  merid.  plane, 
ratio  of  specific  heats. 


A cross  section  defining  the  meridional  plane  of  tho  last  stage  of  an  L.P.  steam  turbine  is  shown  in 
the  diagram  of  F.g.l.  Here  th9  pronounced  wall  flare  shown  in  the  duct  interspace  between  the  upstream 
runner  exit  and  the  guide  inlet  is  typical  of  last  stages  and,  to  some  extent,  the  penultimate  stages  of 
modern  highly  loaded  low  press' cylinder  designs.  The  geometry  illustrated  will  give  rise  to  large 
computed  values  of  streamline  slope  and  curvature  in  the  region  near  to  the  flared  wall  with  consequent 
effects  on  the  resultant  radial  static  pressure  distributions,  Some  care  must  thus  be  taken  to  establish 
a valid  flow  boundary,  (outer  streamline),  which  may  or  may  not  be  coincident  with  the  geometric  boundary 
of  the  duct  interspace. 

Application  of  thxougn-flow  computing  methods  to  stages  of  this  typo  are  additionally  complicated  by 
a number  of  other  factors  some  of  which  are  specifically  related  to  steam  turbine  a.. '"ication. 

(i)  Presence  of  significant  bleed-off  flows  between  stages  and  ooaplicated  root  leakage  flow  patterns 

(ii)  Equation  of  state  must  allow  for  real  steam  properties  (imperfect  gas  laws),  both  in  the  dry 
and  the  two-phase  thermodynamic  flow  regimes. 

(iii)  Flow  solutions  must  allow  for  outlet  Mach  numbers  which  can  have  high  supersonic  values  both  at 
the  rotor  outlet  (relative  to  the  blade)  and  at  the  guide  outlet.  For  highly  loaded  stages 
the  exit  isentropic  Mach  number,  lie' , at  the  rotor  tip  (relative)  or  at  the  guide  root  can  be 

of  the  order  Me*  » 2.0 j the  rotor  relative  outlet  Mach  number  ir.  this  situation  being  supersonic 
over  most  of  the  blade  height. 
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Speoific  procedures  can  be  developed  to  account  for  these  effects  and  items  (ii)  and  (ill)  above 
are  discussed  in  detail  in  subsequent  sections,  the  latter  item  particularly  in  i aspect  of  convergent- 
divergent  profile  designr  rhsre  the  efficiency  variation  eith  Mach  number  exhibits  a completely  different 
fora  from  that  shown  by  convergent  blading. 

While  blade  row  coaputation  stations  are  generally  located  at  axial  positions  coincident  as  far  as 
possible  with  blade  leading  and  trailing  edges,  n.'.te  aust  also  be  aade  of  the  aean  axial  looation  of  the 
blade  passage  at  inlet  and  outlet  (throat).  frcu  this  infornation  account  can  then  be  taken  within  the 
computer  program  of  any  annular  et roam tube  area  variation  and  its  subsequent  effect  on  the  overall  passage 
geometry  and  position  of  the  choking  throat,  both  of  which  can  vary  considerably  from  their  nominal  plane 
flow  (specified  input)  values.  Allowance  for  chaises  in  streamtube  area  downstream  of  the  effective 
throat  must  also  be  made  in  the  coaputation  of  outlet  flow  angle. 

A general  computational  procedure  is  first  briefly  defined  in  section  1 followed  in  section  2 by 
the  specification  of  a simple  thermodynamic  procedure  whioh  --Ml  allow  use  of  steam  data,  or  that  of 
any  non  perfect  gas, in  relation  to  the  method  of  allocation  of  interstage  losses  discussed  in  some  detail 
in  section  3.  The  basic  radial  equilibrium  and  energy  squat4 ons  are  defined  in  sections  4 and  5 while 
the  associated  computational  problems  of  convergence  and  stability  are  covered  in  sections  6 and  7. 
Procedures  which  will  allow  for  supersonic  flow  and  streamtube  diffusion  effects,  both  on  outlet  angle 
and  blade  profile  efficiency  (for  convergent  and  convergent-divergent  profiles) , ara  covered  in  sections 
8 and  9 while  in  the  final  section  the  problems  of  off-design  prodiction  are  briefly  discussed. 

2.0  CALCULATION  PROCESS 

The  calculation  process  is  based  on  an  iterative  procedure  in  which  the  radial  equilibrium  equation 
and  energy  equation  are  applied  successively  to  each  axial  station  within  the  turbine  using  a previously 
determined  streamline  flow  pattern  to  define  the  slope  and  curvature  terms.  These  calculations  are 
carried  out  in  each  iterative  cycle  by  using  set  values  of  some  suitable  flow  parameter  at  a specified 
reference  point  (i.e.  on  the  root  or  mean  streamline);  those  reference  parameters  being  assiguod  for  the 
first  calculation  and  then  updated  to  satisfy  continuity  in  each  succeeding  iteration.  Once  the 
reference  parameter  is  defined,  the  radial  equilibrium  equation  may  then  be  solved  iteratively  in 
conjunction  with  the  energy  equation,  working  station-by-station  successively  downstream  through  the 
turbine.  From  the  radial  flow  solutions  established  at  each  station  the  implied  mass  flow  can  be 
obtained  by  integration  and  the  differences  between  the  calculated  and  the  required  value  used  to  adjust 
each  reference  parameter  for  the  succeeding  iteration.  The  above  process  is  then  repeated  until  the 
integrated  mass  flow  at  each  station  agrees  with  the  locally  required  value. 

A simple  realistic  procedure  that  can  be  used  to  handle  the  varying  leakage  flows  is  illustrated 
diagrammatically  in  Fig. 2.  where  the  take-off  flow  is  shown  locally  subtracted  from  the  flow  through  the 
tip  and  root  annular  streamtubes.  With  this  procedure  the  tip  and  root  take  off  quantities  oannot 
exceed  the  corresponding  streamtube  flow  upstream  of  the  leakage  points.  Root  flow  quantities  must  be 
automatically  evaluated  within  the  iteration  process  using  a flow  balance  between  guide  and  balance 
hole  flow  while  the  take-off  flow  (to  reheater,  drainage,  etc.)  can  generally  be  specified  in  the  input 
data.  The  rotor  tip  leakage  flow  should  be  excluded  from  the  blading  through-flow,  the  outer  stream- 
line boundary  being  adjusted  at  guide  exit  to  allow  the  computed  leakage  flow  to  pass  through  the 
available  guide  opening  external  to  the  tip  streamline  defining  the  flow  boundary. 

3.0  THERMODYNAMIC  STATE  LINE 

For  steam  application,  thermodynamio  fluid  properties  are  usually  obtained  from  stored  tabulated 
data  corresponding  to  that  shown  graphically  by  a Moll:  er  chart.  Local  conditions  rny  then  '.e  obtained 
by  reference  to  a computed  state  line  defined  by  values  of  inlet  pressure  and  enthalpy  and  the  local 
atatic-to-statio  efficiency  from  inlet  to  the  particular  station  considered.  Strictly  separate  state- 
linea  are  required  for  each  streamline  in  order  to  allow  for  any  radial  variation  in  efficiency  but 
sufficient  accuracy  can  usually  be  obtained  by  adopting  a mean  state  line  for  each  stage. 

If  we  consider  the  loss  build  up  within  a stage,  we  can  subdivide  the  sum  total  of  losses  into 
three  constituent  parts* 

a)  Made  losses 

b)  duct  losses  between  runner  outlet  and  the  downstream  guide  inlet  and  annulus  losses  in  the 
guide  exit-runner  inlet  interspace 

c)  power  losses  arising  from  flow  leakage,  windage  loss  etc. 

It  then  seems  plausible  to  assume  that  the  state  line  across  the  blading  from  guide  inlet  to 
runner  outlet  incorporates  all  the  blade  and  duct  interspace  losses  and  the  state  line  efficiency  is 
identical  to  the  statio-to-atatic  blading  efficiency  evaluated  from  guide  inlet  to  runner  outlet,  this 
being  represented  by  a line  E-C  on  Fig.4.  It  is  then  convenient  to  ensure  that  the  computed  stage 
efficiency  derived  within  the  through-flow  program  is  exactly  col-  - -tibls  with  standard  prediction 
procedures  and  this  can  be  achieved  if  we  assume  that  the  duct  losses  (b)  and  power  losses  (c)  above 
are  both  totally  absorbed  within  the  duct  region  between  runner  outlet  and  the  downstream  guide  entry. 
Strictly  the  power  losses  arise  by  consideration  of  work/lb  of  total  flow  and  the  precise  axial 
distance  over  which  they  effectively  mix  into  the  main  through  flow  is  unknown.  Each  downstream 
guide  inlet  condition  ia  thus  defined  to  include  the  power  losses  incurred  by  the  upstream  stags  which 
together  with  the  associated  duct  losses,  gives  the  resultant  state  line  over  the  duot  region  indicated 
by  the  line  CB  in  Fig.  4* 

Thermodynamio  data  within  the  blading  can  then  be  evaluated  in  each  iterative  cycle  by  inter- 
polation of  stored  property  data  evaluated  at  a number  of  fixed  values  of  static  pressure  and  enthalpy 
which  include  the  updated  prossures  and  enthalpies  on  the  reference  streamline  at  guide  inlet  and 
runner  exit.  In  its  simplest  form  this  procedure  is  then  consistent  with  interpolation  a1 ong  a 
constant  efficiency  state  line  where  the  state  line  efficiency  is  defined  by  the  blading  etatio-xo- 
statio  efficiency  evaluated  in  the  previous  cycle.  Interpolation  is  usually  carried  out  u.  ing 
parameters  log  p,  pv,  t and  d (dryness  fraction)  as  functions  of  the  isentropic  beat  drop 
evaluated  in  cumulative  form  relative  to  the  static  enthalpy  at  inlet  to  the  first  stage.  For 
the  downstream  duot  region  it  is  preferable  to  interpolate  property  values  at  the  required  pressure 
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from  data  obtained  using  both  the  upstreaa  and  downstream  blading  statelinea.  Direct  interpolation  of 
property  values  along  the  line  CB/  is  r.ot  recommended  as  any  pressure  variation  outside  the  specified 
terminal  values  could  lead  to  unacceptable  density  extrapolation  errors.  A typical  cumulative  heat 
drop  curve  for  pressure  (log  p)  is  illustrated  in  Fig. 3,  the  overlap  region  between  successive  stages 
incorporating  the  effects  of  the  trial  enthalpy  increase  resulting  from  the  upstream  stage  power  losses. 

3.1  Stage  Loss  Breakdown 

The  primary  break-down  of  the  stage  losses  used  in  the  subsequent  discussion  is  based  on  the 
following  definitions  of  blading  and  stage  efficiencies 

/f\  . . . A H-r 

t D 33  A H,j,  ♦ Z.  blade  losses  + 2 interspace  losses 

stage  ■ ^^T  - power  losses 

AHj  + 2,  Llade  losses  + 2!  interspace  losses 

T)  stage  • - Z power  losses 

+ 2,blade  losses  -fjinterspace  losses  + £duct  losses 

where  9r  denotes  the  total  enthalpy  drop  from  guide  inlet  to  runner  outlet  along  each  9's-reamline.  All 
the  above  losses  are  derived  from  computed  loss  coefficients  in  enthalpy  form,  this  being  the  most 
convenient  definition  for  use  in  conjunction  with  the  state  line  procedure  discussed  above.  Then  for 
each  loss  constituent  we  have) 

a)  blade  losses:-  derived  via  loss  factors  X^.  and  X^  (guide  and  runner  respectively)  where, 
following  the  notation  in  the  blading  enthalpy/entropy  diagram  of  Fig.4»  we  have 

2j  *g  » 2 gJ  SVie  /C1  and  2j  r-p  » 2 gJ  SVie/W^^j  where  Shg  and  Shg  denote  the 

enthalpy  equivalent  loss  debits  incurred  by  the  guide  and  runner  respectively.  We  can  then  write 
Z blade  losses  « (2 .XsC*  ♦ ZXr W/)  jStjZT 

The  normal  definition  of  blade  section  kinetic  efficiency  is  simply  related  to  these  loss 
coefficients  since  by  inspection  of  the  diagram  in  fig.  4 it  follows  that:- 

ZXc-)  ? + 

Dy  implication  the  terms  2)X  assume  that  each  blading  loss  factor  is  given  by  the  algebraic 
sum  of  a number  of  constituent  parts;  thus  2.  X « 3E>Xp  + X and  ZiXp  includes  separate 
contributions  due  to  Beynolds  No.,  blade  roughness, incidence,  trailing  edge  thickness,  stream- 
tube  diffusion  and  Uach  number.  All  these  terms  plus  the  seconder;-  loss  factor,  X_,  can  be 
obtained  from  some  standard  algebraic  loss  correction  such  as  that  reported  in  (10?  for 
example.  For  incompressible  flow  the  definition  2*X  reduces  to  the  usual  form  of  total 
pressure  loss  coefficient. 

b)  Duct  and  interspace  losses  - expressed  in  a similar  manner  to  tbe  blade  losses,  using  an 
enthalpy  equivalent  los3  debit,  but  in  this  case  expressed  as  a proportion  of  the  enthalpy 
drop  equivalent  to  tho  inlet  velocity.  Then  considering  conditions  across  the  duct  region 
between  stage  inlet  (upstream  runner  exit)  and  the  guide  inlet  station  in  the  enthalpy /enthalpy 
diagram  of  Pig.  4 we  can  define  an  annulus  duct  loss  factor  (ZXo^o 

(zx^o^^rsVij/c * - 2.  duct  1os^ca2 

which  for  incompressible  flow  reduces  to  the  usual  definition  of  total  pressure  loss  coefficient. 
The  annulus  duct  loss  factor  is  assumed  to  be  made  up  of  the  algebraic  sum  of  separately 
estimated  factors  ( 2i  Xq_  ) D • Xo,  ♦ Xac  + Xoa,  where:  lap  loss,  Xa*.  a wall 

cavity  loss  and  Xc>3  ■ diverging  annulus  loas.  In  situations  where  the  duct  region  contains 
a number  of  separate  stations  the  simplest  procedure  is  to  split  (2Xcx.)t>  into  discreet  values 
representing  the  loss  coefficient  over  the  axial  zone  from  runner  outlet  to  each  individual 
duct  station. 

The  same  definitions  apply  to  the  guide  exit/runner  inlet  interspace  losses  where  the 
annulus  lose  coefficient  for  this  zone  is  defined,  in  terms  of  the  notation  in  Fig.4,  by  the 
expression  (ZXo  )i.  = ZjJ&Vi «■ /cil  a™*  2.  interspace  losses  a (Z.Xo 

o)  Power  losses  are  most  conveniently  derived  from  a sum  of  individual  direct  efficiency  debits 
relative  to  the  blading  efficiency.  Thus  blade  — stage  = 2.A\po*eT  where  2 A power 
is  made  up  of  separate  contributions  due  to:  tip  leakage,  gland  leakage,  balance  hole  leakage, 
power  windage  loss  and  wetness  loss  in  wet  steam.  These  losses  enter  the  calculation  through 
the  definition  of  the  state  line  and  are  represented  by  the  enthalpy  overlap  of  successive 
blading  state  lines.  The  overlap  for  each  stage  can  be  derived  by  ensuring  that  the  conditions 
at  successive  guide  inlet  stations  are  compatible  with  the  computed  overall  stage  efficiency 
■>£  a tags.  In  the  detailed  calculation  procedure  each  loss  constituent  should  be  applied 

across  the  respective  zones  in  which  they  arise.  One  possible  method  of  incorporating  these 
losses  is  illustrated  in  Fig.  4;  each  loss  constituent  being  applied,  via  the  corresponding 
energy  equation,  across  the  zone  shown  in  the  table  below: 


Stage  Exit 
Guide  Inlet 

Profile  and  secondary  loas  - 
Lap  and  cavity  losses  ^Xo,+  Xae)n 

Annular  loss  ( Xas)* 


Guide  Inlet 
Guide  Outlet 

2Xp#+Xs<s 


Guide  Outlet 
Bunner  Inlet 


Runner  Inlet 
Bunner  Outlet 


Annular  loss  - negligible 

Normally  all  losses  other  than  profile  loss  are  evaluated  on  average  overall  conditions  and 
used  as  a constant  coefficient  at  all  radii.  Some  improvement  to  this  procedure  can  be  applied 
to  the  secondary  loss  component  based  on  an  analysis  of  test  data  which  shows  secondary  losr  to 
vary  inversely  with  aspect  ratio  for  aspect  ratios  greater  than  2.0.  Tithin  this  range  of 
aspect  ratio  separate  root  and  tip  secondary  losses  can  then  each  be  applied  over  a height  range 
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equal  to  one  chord,  using  a variation  giving  zero  lose  at  one  chord  distance  in  from  the  tip  and  root 
respectively  with  a maximum  value  adjusted  to  give  an  integrated  loss  equivalent  to  that  obtained  by 
applying  a constant  mean  coefficient  over  the  complete  height.  Some  restriction  to  this  procedure  has 
to  be  applied  in  multi-stage  applications  since  the  root  and  tip  losses  cannot  simply  accumulate  in  the 
end  regions  but  must  gradually  diffuse  into  the  main  stream  flow.  Ho  allowance  for  an  accumulated 
annulus  wall  boundary  layer  is  made,  the  general  impression  at  present  is  that  with  the  high  deflection 
blading  employed  in  steam  turbine  stages  tbs  end  wall  boundary  layers  separate  within  the  blade  passage} 
the  boundary  layer  thickness  at  entry  to  each  blade  row  resulting  only  from  the  growth  downstream  of  the 
separation  point  in  the  upstream  blade. 

4.0  SADIAL  ESjJIUHBIUM  EQJJATIOH 

The  overall  calculation  procedure  considers  the  flow  at  a number  of  axial  stations  within  the 
turbine,  a radial  equilibrium  equation  together  with  energy  and  continuity  equations  being  used  at  each 
station  to  determine  the  radial  distribution  of  flow  properties  across  the  annulus.  Each  distribution 
is  adjusted  such  that  the  radial  acceleration  imparted  to  a fluid  particle  passing  from  station-to-station 
is  accounted  for  in  the  local  radial  equilibrium  equation}  the  radial  acceleration  being  derived  from  the 
slope  and  curvature  of  the  meridional  steamlines  computed  from  continuity  considerations. 

Simplification  of  the  fundamental  momentum  equations  given  in  (l)  is  obtained  by  considering  the 
flow  to  be  axi-syrametric  and  thus  all  derivatives  with  respect  to  the  tangential  co-ordinate,  0 , can  be 
neglected.  Errors  in  this  assumption  are  discussed  to  some  extent  in  (2).  Application  in  this  form 
is  then  usually  restricted  to  stations  outside  the  blade  rows  to  which  the  above  approximation  is  only 
strictly  relevant.  On  the  assumption  of  steady,  invisoid  and  axi-symmetric  flow,  the  basic  equations 
governing  the  flow  in  the  annular  duct  regions  between  blade  rows  may  be  derived  from  the  fundamental 
Euler  momentum  equations  and  the  continuity  equation.  It  is  usually  convenient  to  transform  these 
equations  from  the  normal  cylindrical  ( r , z ) system  of  co-ordinates  to  a (if  , 2 ) system  by  the 
introduction  of  a stream  function  y . In  this  form  the  Euler  equations  can  be  written  in  the  formi 

2nr  ~ 6 ( '^Cx/~bz)lj. 
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where  the  streamline  slope  in  the  meridional  plane, Cr/cz  - ( ^r/az ) y has  been  introduced  to 

replace  the  radial  velocity  term  and  where  the  stream  function  XI  is  defined  by  the  equations:- 

C*Var)z  » 2 xry>Cz  ; «•  - 2T5TpOr 

The  first  of  the  Euler  equations  above,  usually  referred  to  as  the  full  radial  equilibrium 
equation,  ie  used  to  establish  the  static  pressure  gradients  at  each  station.  The  tern 
appearing  in  the  second  term  on  the  right  hand  side  of  the  radial  equilibrium  equation  is  directly 
evaluated  at  each  station  from  the  local  streamline  curvature.  The  determination  of  the  third  term 
is  rather  more  complicated  and  is  usually  derived  from  the  continuity  equation  eliminating 
by  use  of  the  third  momentum  equation.  Then  with  some  algebraic  manipulation  we  can  obtain 

0-  HnO  4(l+ 

where  the  axial  Mach  number,  «L  (»  Cz/o.)  and  the  meridional  Mach  number  Km  (»  C-r.JT-1-^ /a.)  have 
introduced  together  with  the  flow  angle Q on  the  cylindrical  surface,  defined  by  cotjB  » Cuj/Cz.  . 
Substituting  this  equation  into  the  first  of  the  Euler  momentum  equations  above  will  give  the  normally 
quoted  isentropio  axi-symmetric  radial  equilibrium  equations 

Analysis  of  the  equation  for  ("^Cr  /bz ) -y  in  (2)  shows  that  values  of  the  axial  velocity  gradient 
are  finite  at  the  meridional  sonic  condition  Mm  a 1.0.  This  condition  obviously  implies  that  at  this 
Mach  nur  'er  the  right  hand  side  of  the  equation  C^Cz./dz.)  if  must  reduce  to  zero,  giving  an  equivalent 
situatio.  to  that  represented  by  zero  etreamtube  area  gradient  in  plane  flow.  It  follows  from  this 
analysis  that  in  situations  where  the  meridional  Mach  number  approaches  unity,  the  axial  velocity 
gradient  is  indeterminate  and  an  alternative  equation  is  required. 

One  simple  procedure  is  to  over-ride  the  equation  for  "a<-z/’&z  over  some  specified  range,  say 
.90  4 Mm  1.10,  with  an  auxiliary  relation  such  that  ("hCn/be.  )-y.  « 0 when  Km  » 1.0,  although 

this  may  introduce  convergence  problems  if  at  some  stage  In  the  iteration  process  the  value  of  Km  exceeds 
unity.  An  alternative  stable  method  is  to  replace  the  complete  equation  with  a difference  calculation, 
deriving  C&Cz / bz  )y  directly  from  the  previously  computed  values  of  the  axial  velocity,  but  there  are 
some  reservations  concerning  the  accuracy  of  this  procedure  in  situations  where  large  changes  in  axial 
velocity  take  place  across  the  blade  stations. 

Finally  allowance  must  be  made  in  these  equations  to  incorporate  non-radial  stations,  since  it 
is  desirable  to  align  these  as  far  as  possible  with  blade  leading  and  trailing  edges,  or  with  interduct 
traverse  planes.  Then  defining  each  station  by  a mean  straight  line  inclined  at  an  angle  e to  the 
horizontal,  t , axis  we  can  obtain  with  some  algebraic  manipulation* 

2trr  (l-  S €.) e'  - — ( 6-4  Van  - Cz.^/sz^y 

where  £.'  denotes  differentiation  along  the  new  sloping  axis  and 

Complete  solutions  in  the  ducting  interspace  regions  between  blade  rows  then  follows  from  the 
second  and  third  momentum  equations.  The  second  equation  can  be  written  in  the  f orm'&(!-u>'T)^z.„  0 which 
simply  states  that  angular  momentum  is  conserved  along  a streamline  in  inviscid  irrotatlonal  flow. 
Integration  of  the  third  momentum  equation  along  the  appropriate  streamline  in  the  duct  region  would 


T 


yield  an  inviooid  energy  equation  oomparable  with  the  radial  equilibrium  equation  derived  above,  but 
with  the  method  described  in  section  3.0  the  integrated  energy  equation  is  implicit  in  the  application 
of  the  state  line  procedure (localised  losses  being  additionally  smeared  along  the  flow  path. 

5.0  EN3RGT  STATIONS 

The  radial  variation  of  the  fluid  velocity  at  any  station  can  be  calculated  for  each  streamline 
starting  at  the  reference  line  along  which  tt:e  assigned  fluid  parameters  are  defined.  Thus  considering 
a particular  stags  in  which,  say,  values  of  reference  stalio  pressures  have  been  fixed  from  the  previous 
iteration  uiu  upstream  data  at  the  previous  runner  exit  has  been  fully  computed,  the  calculation 
process  can  then  proceed  as  follows?- 

(i)  I. Jet  Regional-  prenouc  stags  e~it  up  to  guide  inlet.  The  absolute  velocity  at  any 
intermediate  station  can  directly  computed  from  the  change  in  cumulative  heat  drop,  corresponding 
to  the  upstream  and  bocal  static  pressures,  together  with  the  known  upstream  velocity  and  the 
corresponding  enthalpy  loss  f .ctor.  The  relevant  equation  is  quoted  in  the  diagram  of  fig.  4. 

This  procedure  is  computationally  simple  to  apply  since  cumulative  heat  drop  and  static  pressure 
are  direct' y related  to  each  ofche:  in  the  state  line  procedure  discussed  above.  Application  of 
the  conctaht  angular  momentum  equation  ai.d  known  streamline  slope  will  then  yield  all  three 
velocity  :omponentc.  The  overall  radial  distribution  at  any  one  station  can  then  he  computed 
iteratively?  first  -svaluating  'SP/Stj  fro-  _ difference  approximation  and  then  using  a curve  fit 
integral  ion  procedure  to  obtain  a aecon-'  approximation  to  the  static  pressure  and  so  on.  When 
tiiis  proceaura  has  converged  a full  radial  equilibrium  solution  has  been  established  relative 

to  the  referenso  pressure  and  streamline  geom6lry  and  the  calculation  process  can  then  proceed 
on  to  thi  next  fetation.  In  the  final  computation  cycles  the  initial  pressure  distribution  can 
be  obtained  by  straight  scaling  of  the  previously  computed  values, 

(ii)  GuV'.e  Exit:-  Tue  velocity  at  the  reference  streamlines  is  directly  computed  using  the 
cumulative  heat  drop  as  shown  m the  diagrams  of  figs.  3 and  4-  the  loss  through  the  guide  blading 
being  accounted  for  by  use  of  the  enthalpy  loss  coefficients'.!.-.  Then  for  a known  fluid  outlet 
angle  B}  Intel polated  frem  the  outlet  angle  routine  described  In  section  8.0,  thi  velocity 
components  car*  be  evaluated  from  Che  known  streamline  elope.  The  complete  solution  procedure 
then  follows  that  discussed  for  the  duct  regions  abovo* 

(ill)  Runner  Inlet:-  Procedure  follows  exactly  that  laid  down  for  the  duct  regions  using  the 
respective  interspace  enthalpy  lots  coefficient. 

(iv)  Runner  *Sxit:-  Thu  relative  velocity  at  outlet  is  obtained  by  applying  the  Euler  work 
equation  along  the  computed  jtreamline,  the  resulting  equation  and  associated  enthalpy-entropy 
diagran  being  given  in  fig.  4.  The  full  solution  follows  similarly  to  that  discussed  above, 
ahsol;  te  veloc: ties  and  velocity  components  being  derived  from  the  usual  velocity  triangle 
relationships  together  with  tue  interpolated  fluid  outlet  angle. 

All  the  equations  quoted  in  fig.  4 and  the  definitions  of  efficiency  in  section  3-1 
are  based  on  an  approxiration  which  is  equivalent  to  assuming  the  constant  pressure  lines  on 
the  Kollier  Chart  to  be  parallel  over  small  ranges  of  enthalpy  and  entropy.  Correction  to 
these  equations  can  be  made  by  using  th:y  general  expression  relating  the  isentrojpic  enthalpy 
change  between  two  pressures  p,  and  pt  'isually  given  in  the  form  1 - ^ * K-We/h,_X 

where  A takes  values  of  the  order  of  800  and  in  BTO/lb  for  superheated  and  wet  steam 
respjotively.  Differences  between  the  two  methods  are  marginal  and  certainly  within  the 
accuracy  of  prea.^.lon  of  the  losses. 

L comparison  with  single  stage  data  obtained  by  N.G.T.E.  using  a simplified  form  of  the 
computation  proc-'fis  described  above  is  shown  in  fig,  5>  Reasonable  agreement  with  the  measured 
data  is  shown  comparable  at  ler.it  with  that  computed  using  the  method  reported  in  (8). 

6.0  CCXVERGENCL  PROCEDURE 

At  eaoh  axial  station  the  value  of  the  stream  function  at  the  outer  diameter  of  the  flow 
annulus,  which  is  identically  equal  to  the  total  computed  mass  flow  crossing  each  station,  is  calculated 
by  integrating  { oij  / )g/  numerically.  The  difference  between  this  integrated  value  and  the  required 
value,  either  specified  in  the  input  data  or  averaged  can  tb-’n  he  used  as  a basis  for  the  correction 
procedures  described  below.  Where  the  mass  flow  is  not  sp  oified,  a required  value  can  be  determined 
for  each  calculation  cycle  from  the  average  of  all  the  implied  values  computed  at  blading  exit  stations. 

First,  equivalent  streamline  positions  corresponding  to  the  flow  solution  just  computed  aro 
obtained  by  integrating  the  stream  function  gradient.  Now  values  of  the  streamline  positions  required 
for  the  succeeding  iteration  can  then  be  derived  using  an  input  specified  damping  factor  discussed  in 
the  subsequent  section.  Secondly  the  reference  parameter  at  each  station  has  to  be  corrected  to  bring 
tho  implied  values  of  mass  flow  1ft  , into  line  with  either  the  specified  value  or  the  averaged  value 
obtained  on  tho  previous  cycle,  adjusted  In  each  case  to  allow  for  any  computed  leakage.  Pressure 
adjustments  along  the  reference  streamline  can  be  carried  out  by  using  some  form  cf  approximation  to 
the  equation  for  tho  local  mass  flow  parameter.  This  procedure  is  easiest  to  apply  in  situations 
where  the  relation  between  stat."  pressure  and  m^ss  flow  can  be  written  in  the  fora  ( if  tip  actual/ 

If  tip  required)1  » ( p' 2 - p*  ) actual/  ( p' c - p*  ) required,  where  p'  - p denotes  the  meridional 
velocity  head.  Thus  in  conditions  where  the  outlet  static  pressure  from  the  last  stage  is  specified, 
a modified  value  of  p'  can  be  deduced  which  will  correct  the  exit  value  of  If.  tip  to  the  required  value. 
The  upstream  station  static  pressure  nay  then  be  adjusted  using  the  above  equation  to  compensate  both 
for  the  corresponding  ( y ) tip  error  at  that  station  and  the  change  in  p ' resulting  from  the  if) 
tip  error  downstream.  In  this  manner  each  reference  pressure  can  be  successively  modified  station-by  - 
station  backwards  through  the  machine. 

This  backward  correction  procedure  has  been  found  to  give  considerable  advantages  over  the  usual 
method  of  proceeding  from  the  inlet  in  cases  where  the  mass  flow  i3  not  specified.  If  a forward 
adjusting  procedure  is  used,  considerable  computing  time  has  to  be  employed  to  determine  the  choking 
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or  limiting  value  of  the  inlet  mass  flow  parameter  whereas  the  above  procedure,  srhich  essentially  looks 
at  the  exit  mass  flow  parameter,  is  Rot  subject  to  any  critical  limiting  condition. 

7.0  STABILITY  mOBL^'S 

The  principal  method  01  ensuring  stability  of  con^a.-gence  is  th-ougc  the  use  of  a damping  factor  f, 
where  for  any  parameter  0 being  it  irated  we  have  for  toe  required,  (n  + l)  value:- 

and  the  damping  factor  f is  gansrally  assigned  a value  between  0.1  and  O.j.  Parameters  involved  in  this 

process  include  the  reference  parameter  and  all  p+Teemllne  positions  ot  each  itation. 

There  appears  to  be  no  relevant  analysis  by  which  optimum  damping  factors  can  be  derived  or  any 
method  from  which  it  ic  possible  to  determine  whelher  atwolute  cor  mergence  can  be  achieved  in  any  geometric 
situation.  Following  the  analysis  of  (11)  i*-  appears  to  he  essential  to  limit  tb^  streamline  curvm  fit 
(f-om  which  the  slope  and  curvature  terms  in  the  radial  equilibrium  equation  are  evaluated)  to  some  fairly 
simple  form  in  order  to  eliminate  any  possibility  of  introducing  .numerical  distortion.  Generally  a 
simple  second  order  equation  is  used  to  define  each  streamline  in  relation  to  the  upstream  and  downstream 
stations  and  to  obtain  the  slope  and  curvature  at  the  hentyal  station  via  successive  differentiation.  A. 
modified  spline  curve  procedure  which  makes  some  allowance  for  upstream  and  downstream  effects  can  be 
obtained  by  using  a similar  second  order  curve  fit  to  the  computed  slopes  and  to  differentiate  this 
expression  to  obtain  the  curvature.  bhaercus  other  veri  ions  of  curve-fit  routines  have  been  published. 

(4)  for  example;  in  all  coses  boundary  values  of  elope  and  Curvature  along  the  first  and  last  computing 
stations  have  to  be  specified  as  input  data. 

Experience  in  the  application  of  through-flow  procedures  tc  the  analysis  of  stage  designs  of  the 
type  illustrated  in  fig.l,  ha3  shown  that  the  relative  positioning  of  each  computing  station  can  have  a 
considerable  effect  on  convergence.  Although  tbs  original  st-eamline  curvature  procedures  were  limited 
to  computing  stations  coincident  with  the  leading  and  trailing  edges  of  each  blade,  it  is  now  recommended 
that  as  far  as  possible,  near  equal  axial  pitching  between  succesive  stations  should  always  be  used.  The 
following  axial  station  locations  ar6  suggested  for  the  following  situations  to  ensure  stability  of 
convergence! 

(i)  Close  axial  spacing  between  guide  exit  and  runner  inlet  i-  use  one  intermediate  station  only. 

(ii)  Guide  blading  with  large  axial  width:-  use  intermediate  stations  (non  choked)  within  the 
blade  row.  In  thi3  case  it  ia  recommended  that  these  stations  should  be  troated  similarly  to  a 
blade  exit  station  i.e.  on  the  blading  stats  line,  assuming  zero  blade  blockage  and  an  input 
specified  distribution  of  flow  angle. 

(iii)  Wide  axial  spacing  between  runner  exit  and  guido  entry:-  use  a number  r„'  intermediate 
ducting  stations. 

For  final  stage  calculations  at  least  two  downstream  duct  type  stations  should  be  included 

in  order  to  remove  the  required  input  specified  boundary  conditions  of  slope  and  curvature  away 

from  the  runner  exit  station. 

8.0  OUTLET  ANGLE  PHOCEBUHS 

In  general  deviation  appears  to  be  insensitive  to  incidence  variations  at  constant  Mach  number  in 
the  low  loss  range,  rising  3harply  to  a peek  value  ax  positive  incidence  near  to  the  stall  vaiu6  and  than 
reducing  with  further  increase  in  incidence.  This  type  of  incidence  variation  appears  to  be  similar 
at  other  values  of  subsonic  Uach  number,  the  general  level  varying  as  the  outlet  Mach  number  approaches 
unity.  In  application  to  a general  through-flow  analysis,  if  first  order  effects  only  are  included,  it 
ia  usually  safe  to  assume  that  inoidencs  effects  on  deviation  are  negligible  and  deviation  may  thus  bo 
considered  to  be  a function  of  Uach  number  and  streamline  slope  and  diffusion  only.  At  low  values  of 
outlet  Mach  number,  Me,  deviation  can  be  assumed  to  be  constant  up  to  values  of  lie  — 0.4  and  thence  to 
vary  up  to  a sonic  value  which  can  be  greater  or  less  than  the  low  speed  value.  Under  rupersonic 
conditions  a considerable  variation  in  outlet  angle  will  arise  from  the  re- adjustment  of  flow  conditions 
required  to  satisfy  continuity  downstream  of  a choked  throat.  From  this  continuity  condition,  it  is 
possible  to  theoretically  relate  conditions  at  the  throat  to  uniform  mixed  values  downstream  where  it 
is  obvious  that  as  the  Mach  number  at  outlet  from  the  cascade  increases,  the  flow  angle  B must  become 
increasingly  larger  than  the  angle  given  by  sin-1  °/s  f this  effect  being  consistent  with  the  flow 
expansion  properties  by  which  supersonic  flow  is  estaolished  within  the  blade  passage.  Since  tbia 
theoretical  relation  can  be  applied  at  the  condition  where  the  outlet  Mach  number  is  unity,  the  subsonio 
region  can  then  be  adequately  defined  in  the  through  flow  program  by  seme  specified  curve  fit  between 
the  input  low  speed  Value  and  the  computed  sonic  value,  this  resulting  in  tne  type  of  relation  between 
outlet  angle  and  Mach  number  illustrated  diagraaoatically  in  fig.  6. 

In  addition  to  the  plane  flow  deviation  obtained  from  correlated  cascade  test  data,  a further 
correction  to  the  outlet  angle  in  the  subsonic  Mach  number  range  is  required  to  allow  for  streamline 
slope  and  diffusion  effects.  A fairly  simple  theoretical  procedure  has  been  given  in  (12)  assuming 
the  stream  surfaces  to  remain  oonioal  and  axi-symaetric  within  the  blade  passage;  computed  values  of 
deviation  of  the  order  of  - 5°  at  high  values  of  streamline  slope  being  roughly  consistent  with 
measured  values.  The  procedure  quoted  above  can  easily  be  adjus-'ed  to  give  plane  flow  deviation 
values  consistent  with  an  existing  cascade  correlation. 

8.1  Theoretical  Outlet  Angle  Equations 

A theoretical  supersonic  outlet  angle  in  plane  flow  situations  can  be  derived  from  application 
of  the  one-dimensional  continuity  equation  applied  along  the  straaatube  illustrated  in  fig.  7*  By 
considering  the  flow  between  adjacent  stream  surfaces  for  each  blade  passage  and  equating  the  mass 
flow  at  the  throat  ( suffix  t - defined  in  terms  of  integrated  mean  values  over  the  full  throat  arcs) 
and  downstream  (suffix  o - defined  in  terms  of  momentum  mean  values),  the  following  expression  for  the 
downstream  angle  3 measured  on  the  stream  surface  can  be  obtained: 

Sin  B - Cr  § [l-  5^  Me*  - |]S  and  CF  = ^ 

In  this  equation  F denotes  the  ratio  of  the  local  mass  flow  parameter  to  its  theoretical  maximum 
value,  i.e.  p=  = 


1 

i 
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and  tj  represents  the  local  blading  efficiency  evaluated  between  inlet  and  the  downctrean  static*.  Then 
defining  a downstream  sonic  condition  where  Me  ■ 1.0  with  corresponding  values  of  outlet  angle  B end 
efficiency  yv  *,  the  t»- jpretical  value  of  B#  can  be  obtained  from  an  equivalent  inviscid  flow  model  where 
( c Cv  (t-  z“/o)  aiid  Cv  denotes  the  flow  coefficient  computed  with  an  effective  throat  width 

equal  to  the  geometric  width  lees  the  sua  of  the  displacement  thicknesses, 235*  of  the  boundary  lajrers  at 
the  throat.  Values  of  (l-  iS/  o ) C?  of  the  order  of  .985  appear  typical  of  plane  parallel  flow 
cascade  test  data  obtained  for  normal  guide  blade  sections.  Alternatively  (C^  at  Me  • 1.0  ) can 
be  computed  from  specified  input  data  of  B*  and  * if  known. 


For  supersonic  conditions  we  can  assume  the  throat  is  continuously  choked  and  the  equation 
defining  the  supersonic  outlet  angle  measured  on  the  stream  surface  can  then  be  written  in  the  formi- 

Sin  B - Cr  -5-  VTTi  + ) V cT  V*f~  l)J 


For  subsonic  flow  conditions  the  outlet  angle  has  to  vary  with  outlet  Mach  number  between  the  low 
sp>eed  (incompressible)  value  and  the  sonir  value  B*.  For  a fixed  strep  surface  geometry  the  inlet 
mass  flow  parameter  can  be  expressed  in  tbe  following  form  (Gr-TS-.  /r.') /(_&  /(>-Then  if 

we  assume  the  inlet  mass  flow  parameter  to  vary  monotonically  with  outlet  Mach  number  up  to  a maximum 
value  when  Me  « 1.0  we  require  CF/CF  Fe  and  d (Fe  Cp/3?*)  d (Me)  « _0  wfien  Me  ■ 1.0,  hoth  of  which 

can  be  satisfied  by  the  relation  CP/'F*  . 1 + (CFl»C  [l-jYHere  for  convenience  the  low 

speed  condition  is  defined  at  Me  « 0.5,  and  the  corresponding  value  of  (C r)  0*  can  he  evaluated  from 
the  equation  for  ®P  given  above  using  the  known  low  speed  section  efficiency  7}u*. • Substituting  the 
above  expression  for  ^P  into  tbe  general  equation  for  sin  B given  initially  will  then  give  the  required 
variation  of  sin  B over  the  range  0.5  4 Me  4 1.0. 


The  general  form  of  the  overall  variation  of  outlet  angle  with  outlet  Mach  number  la  illustrated 
diagranmatically  in  fig.  6 where  the  ratio:  sin  B/(('P*  °/a)  is  shown  as  a function  of  Me  and  . 

The  subsonic  interpolation  given  above  then  provides  one  possible  variation  between  (B)  low  speed 
(specified)  and  B*  (computed)  with  the  important  property  that  there  is  no  gradient  discontinuity  at 
the  sonic  condition.  By  this  procedure  the  inlet  mass  flow  parameter  along  each  individual  stream tube 
will  rise  to  a peak  value  with  zero  slope  at  We  • 1.0  and  remain  constant  for  further  increases  in 
outlet  Mach  number. 


Corrections  to  these  equations  can  he  made  fairly  easily  for  annular  flow  conditions  if  we 
assume  the  stream  surfaces  to  remain  axi-syametric  within  the  blade  passage.  The  annular  streantube 
normal  depth  %r/(\■b<S'^¥,  will  then  vary  across  the  throat  and  an  integrated  mean  value  should  he  used. 

At  the  same  time  the  consequent  variation  of  the  radius  of  the  stream  surface  across  the  runner  blade 
throat  will  give  a rise  to  a net  change  in  relative  totil  enthalpy  from  throat  ta  outlet.  This  affect 
can  then  be  incorporated  into  the  equation  above  using  a correction  term  derived  in  a similar  manner  to 
that  gi-en  in  (12). 

It  should  finally  be  noted  that  for  all  procedures  of  the  ‘.ype  discussed  above,  where  the 
continuity  condition  is  used  to  define  tbs  outlet  flow  angle  in  the  supersonic  flow  regime,  some 
assumption  must  be  made  concerning  the  shape  of  the  streamline  surfaces  within  the  blade.  Once  a 
plausible  surface  geometry  has  been  assumed,  the  non-uniqueness  problem  discussed  in  (13)  is 
effectively  eliminated  although  the  use  of  an  alternative  surface  geometry  will  of  course  load  to  an 
equally  consistent  but  different  flow  solution. 


9.0  EFFICIUfCT  INTERPOLATION  TOR  CCNVEBG2TT-BIVH3GENT  BLADING. 

The  following  analysis  of  convergent-divergent  blade  profile  loss  is  based  on  the  assumption  that 
the  efficiency  at  some  specific  condition  is  known,  either  by  calculation  or  from  test  data.  For 
convenience  in  calculation  this  reference  condition  can  he  selected  at  the  point  where  the  expansion  fan 
centred  at  the  pressure  side  trailing  edge  Just  covers  the  complete  suction  surface.  At  this  condition 
any  fuither  increase  ir.  the  overall  pressure  ratio  across  the  blade  will  nc-  materially  affect  tbe  local 
surface  conditions  and  the  outlet  tangential  velocity  has  reached  its  maximum  value.  For  design 
calculations  this  fully  loaded  condition,  numerically  defined  by  values  of  the  blade  profile  efficiency 
and  the  corresponding  tanger.tial  velocity  ratio,  can  preferably  be  obtained  from  a characteristic  blade- 
to-blade  solution  together  with  the  associated  boundary  layer  parameters  at  exit.  Once  this  reference 
limit  load  condition  is  known,  the  efficiencies  at  other  conditions  can  be  evaluated  within  tbe  through- 
flow  program  using  an  interpolation  procedure  similar  in  type  to  that  discussed  bolow. 

In  Pig.  7 a typical  set  of  cascade  test  data  for  a convergent-divergent  blade  is  shown  superimposed 
of  a one-dimensional  blade  performance  chart.  Here  the  outlet  tangential  velocity  ratio CwydJerit  is 
shown  plotted  as  a function  of  the  outlet  isentropic  l£ach  number  for  spec:  tied  values  of  blade  efficiency. 
The  parameter  (^'°/'crit  is  directly  derived  from  the  supersonic  outlet  angle  analysis  discussed  in  the 
previous  section,  the  tangential  velocity  ratio  being  given  by: 

Cui/c.cr-t  “ MeCosBij  -h5  [\+ 

and  Ccrit  denotes  the  critical  acoustic  velocity  at  the  point  where  the  local  Mach  number  is  unity.  The 
typical  test  values  of^wJ^crit  are  shown  increasing  up  to  a maximum  value  at  the  limit  load  condition 
which  lies  to  the  left-hand  side  of  the  loci  of  the  peaks  of  the  one  dimensional  curves.  Over  the  region 
of  constant  one-dimensional  continuity  then  implies  that  for  a limit  loaded  blade  there  is  a 

unique  relation  between  blade  efficiency  and  outlet  Mach  number  for  a given  blade  geometry. 

Operation  in  the  region  to  the  right-hand  side  of  thin  peak  loci  is  associated  with  meridional 
Mach  number  Mm  in  excess  of  unity  and  this  condition  can  only  arise  in  situations  where  there  is  an 
associated  divergence  of  «he  annular  streamtuhe.  Values  of  Mm  just  in  excess  of  unity  (Ms  — i.l)  can 
be  established  in  cylindrical  flow  situations  following  expansion  of  the  flow  into  thr  nase  region  down- 
stream of  the  trailing  edge.  Further  increase  in  overall  pressure  ratio  in  this  situation  will  then 
be  accompanied  by  a continuous  system  of  ring  shocks  (located  at  varying  axial  distances  down3treao  of 
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the  blade  trailing  edge)  which  are  required  to  satisfy  continuity  and  energy  conditions  along  the  stream- 
tube*  Under  these  conditions  the  preceding  analysis  has  to  be  modified  for  computing  downstream  flow 
conditions,  the  flow  process  has  to  be  examined  in  two  stages  - limited  expansion  down  to  the  exit 
condition  at  the  trailing  edge  followed  by  a separate  analysis  of  the  downstream  flow  situation.  The 
absence  of  complete  circumferential  periodicity  in  linear  cascade  models  prohibits  the  establishment 
of  this  type  of  flow  situation  which  has  been  visualised  in  rotating  cascade  teste  reported  in  (14)* 
hue  to  the  upstream  influence  of  the  downstream  blade  row  in  aria ting  turbine  situations  it  is  doubtful 
whether  meridional  Mach  numbers  much  in  excess  of  urity  can  exist  even  in  conditions  where  there  is 
considerable  divergence  of  the  annular  stream tube. 

Typically  the  blade  profile  efficiency  may  be  assumed  constant  in  the  low  subsonic  Mach  number 
regime,  this  being  consistent  with  normal  convergent  blading  loso  analysis.  Pot  convenience  the  point 
at  which  Mach  number  effects  are  introduced  can  be  taken  at  a value  of  isentropic  cutlet  Mach  number  Me'» 
*75>  this  bsing  approximately  the  same  point  at  which  compressibility  effects  firat  appear  on  curved- 
back  convergent  blading*  The  blade  efficiency  may  then  be  assumed  to  drop  sharply  to  a minima;  value 
at  Me'  — . 95 » riee  subsequently  in  the  supersonic  range  to  a maximum  value  { ) max  and  finally  fall 

slightly  to  ite  specified  limit  loai  value  ( ).l  • For  outlet  Mach  numbers  in  excess  of  the  limit 

load  value,  the  unique  relation  implied  by  the  one-uicen&imal  continuity  equation  can  be  used  up  to 
the  condition  where  the  meridional  Mach  number  just  exceeds  unity.  The  general  fora  of  this  efficiency 
variation  is  shown  di atraumatically  in  fig.  8 where  suffices  .75}  *95}  Vp  max}  Li_  are  used  to  denote 
the  corresponding  values  cf  the  tangential  velocity  rstio<  This  form  or  loss  variation  1b  typical  of 
convergent-divergent  hlading;  the  high  loss  at  lov  supersonic  flow  conditions  resulting  from  the  high 
shock  loss  and  the  associated  flow  distortion  just  downstream  of  the  threat  in  the  internal  divergent 
passage. 

An  interpolation  procedure  tzay  then  be  based  on  a unique  curve  fit  in  the  range;  ( Cio/Ccri.t)-*is 
£ C io  y®crit  £ (Cw/Corit)ijrir>OK  in  the  form  { T?p  - &s  some  function  of 

Co — remaining  segment s of  the  efficiency  curve  simple  second 

order  interpolation  equations  can  be  used.  Input  data  to  the  efficiency  interpolation  routine  must 
then  supply  information  to  derive  the  following  parameters; 

(i)  &“>7p  - difference  between  the  maximum  efficiency  and  the  minimum  value  (at  Me  — *95). 

This  parameter  is  largely  a function  of  the  internal  passage  divergence  expressed  geometrically 
try  the  internal  area  ratio  defined  in  the  upper  diagram  of  fig.  8.  Typically  this  efficiency 
debit  is  of  th8  order  of  8£  for  internal  area  ratios  equivalent  to  a one-dimensional  Mach  number 
equal  to  1.4. 

(ii)  ( c"  y^crit)^,  > 7^  >tl  «-  both  of  these  parameters  can  be  correlated  in  terms  of  the 
int’l  area  ratio  and  the  mean  passage  angle,  6,  (Fig. 8) . 

Cu)(c-/:ci;t),tj  ^Pu.  t-  evaluated  by  calculation. 

For  situations  where  considerable  streaatube  slope  and  diffusion  are  present,  correction  factors 
muse  be  applied  to  the  plane  flow  value  of  the  licit  load  tangential  velocity  ratio. 

10.0  EFFECT  CF  STHEAMPJBE  AHSA  VABlATlOfJ  OK  LOSS. 

For  subsonic  flow  conditions,  fairly  simple  correction  procedures  can  be  derived  to  allow  for  the 
effect  of  streaatube  height  variations.  A particularly  simple  method  is  available  in  conditions  where 
the  blade  passage  contraction  ratio  (10  ) is  involved  in  the  profile  loss  correlation.  In  this  case 
the  corrected  loss  can  be  evaluated  from  a standard  correlation  using  an  effective  contraction  ratio 
which  incorporates  the  computed  area  variation  of  the  annular  stream tube  across  the  blcne  passage. 
Alternatively  use  can  be  made  of  a loss  correlation  using  a blade  surface  diffusion  parameter  such  as 
that  published  in  (15).  The  diffusion  parameter  corresponding  to  the  predicted  plane  flow  loss  is 
first  evaluated  from  this  correlation  and  then  adjusted  to  incorporate  the  effects  of  any  stream  tube 
area  variation.  The  corrected  loss  can  then  be  evaluated  from  the  same  diffusion  loss  correlation  but 
now  using  the  adjusted  value  of  the  surface  diffusion  parameter.  Both  of  theeo  proesdures  give  very 
similar  values  of  profile  loss  correction  and  are  in  good  agreement  with  test  values;  published  loss 
data  for  widely  flared  guide  hlade  cascades  being  given  in  (16). 

For  flow  conditions  at  high  outlet  Mach  numbers,  alternative  procedures  have  to  be  employed  in 
situations  where  the  passage  geometry  is  so  modified  as  to  change  its  mode  of  operation.  'hie  most 
serious  problea  is  Introduced  on  convergent  blading  with  small  passage  contraction  where  the  effect  of 
streaatube  divergence  cm  be  te  effectively  produce  a convergent-divergent  profile.  At  low  supersonic 
outlet  Mach  numbers  this  can  result  in  large  increases  in  profile  loss  resulting  from  flow  breakdown 
downstream  of  the  effective  throat  which  is  displaced  upstream  away  from  its  nominal  plane  flew  position- 
Test  data  m nigh  deflection  blading  tested  in  flared  cascades  has  confirmed  that  this  change  in  the  mode 
of  o per at leu  does  act  rally  take  place.  Vi thin  the  limitations  of  a through  flow  procedure,  using 

computing  stations  at  blade  inlet  and  cutlet  only,  the  precise  location  of  the  true  throat  can  only  be 
estimated  by  assuming  acme  simple  relation  between  passage  width  and  streaatube  height  variation  aoroea 
the  blade  row.  Once  this  value  has  been  estimated,  an  equivalent  internal  area  ratio  may  be  computed 
and  convergent-divergent  loss  procedures  used  to  evaluate  the  blade  performance  at  outlet  conditions 
where  the  isertroplc  Mach  number  exceeds  0.75-  For  impulse  type  sections  near  to  the  root  operating 
with  coneido-able  streaatube  diffusion  this  procedure  will  predict  considerable  excess  losses  at  sonic 
outlet  conditions. 

11.0  APPUCATICB  TO  PAST-LOAD  CCHDITI05S 

For  stage  designs  of  the  type  illustrated  in  f?  g.  1,  a streamline  orvature  technique  of  the  form 
discussed  above  can  only  be  applied  over  a relatively  narrow  band  of  operating  conditions.  At  stage 
pressure  ratios  much  lower  than  the  nominal  design  value  the  flow  characteristics  within  the  stage  are 
considerably  modified;  zones  of  reverse  flow  appesring  first  at  the  bub  downstream  of  the  runner  blade 
and  then,  with  a further  reduction  in  stage  pressure  ratio,  additionally  at  the  tip  within  the  inter- 
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apace  region  between  guide  and  runner-  Once  these  zones  of  reverse  flow  become  established  the 
associated  streamline  flow  pattern  in  the  meridional  plane  is  severely  distorted  with  resulting 
slopes  and  curvatures  of  ouch  higher  order  than  the  values  existing  under  design  conditions. 

A typical  stage  power  diagram  is  given  in  fig.  9 whore  a number  of  non-dimensional  power/ 
speed  curves  each  at  constant  mass  flow  are  illustrated.  Thus  at  constant  peripheral  velocity 
the  stage  output  power  reduces  with  decreasing  mass  flow  rate,  is  zero  at  some  intermediate  value 
of  mass  flow  and  reaches  a maximum  negative  value  at  the  zero  flow  condition.  Bata  given  in  (17) 
and  (18)  state  that  three  distinct  types  of  flow  regime  can  be  distinguished  each  of  which  can  be 
positively  located  within  specific  areas  of  the  power  speed  diagram  as  shown  in  fig.  9*  These 
three  flow  regimes  are  then  defined  by  the  following  stage  operating  characteristics. 

I - uniform  streamline  flow  without  hub  or  tip  separation. 

II  - zone  of  reverse  flow  existing  down3troam  of  the  runner  blade.  The  flow  at  guide 

exit  fills  the  annulus  but  there  is  considerable  streamline  distortion  at  the  inlet 
to  the  runner  blade  which  is  operating  with  high  negative  values  of  incidence. 

HI  - zone  of  reverse  flow  in  .he  guide  exit  - runner  inlet  interspace  as  well  as  the 

reverse  flow  zone  existing  in  II  above.  Severe  streamline  distortion  exists  at  till 
points  within  the  stage. 

The  streamline  flow  characteristics  and  reverse  flow  zones  of  flow  regimes  II  and  III  above  are 
illustrated  diagrammatically  in  fig.  9- 

In  order  to  compute  flow  solutions  in  either  of  the  :wo  flow  regimes  II  and  III  above,  a 
procedure  defining  the  radial  extent  of  the  hub  and  interspace  recirculation  zones  must  be  included 
in  the  overall  computation  process.  Bata  given  in  (17)  and  (18)  suggest  means  by  whicv  the  extent 
of  each  recirculating  zone  can  be  established  but  even  then  it  is  doubtful  whether  a -ull  streamline 
curvat’  ru  technique  can  be  used  to  evaluate  a solution.  From  analysis  of  turbine  test  data  it  is 
suggea' ed  (18)  that  flow  conditions  in  regime  II  can  be  computed  by  assuming  the  tip  axial  velocity  at 
runner  exit  to  be  invarient  with  change  in  flow  rate.  Ko  specific  means  are  given  for  determining 
the  onset  of  hub  separation  but  published  data  (19)  indicates  that  this  condition  cannot  be  far  removed 
from  the  point  at  which  zero  root  reaction  is  obtained.  For  conditions  in  regime  III  the  tip  flow 
is  controlled  by  the  formation  of  an  inlet  shock  system  to  the  runner  blading,  the  onset  of  this 
shock  being  taken  (1?)  at  the  point  at  which  the  tip  static  pressure  at  inlet  to  the  blade  passage 
becomes  equal  to  the  total  pressure  at  guide  exit. 
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COMMENTS 


Comments  by  R.Lewis,  University  of  Newcastle,  UK 

This  paper  and  several  others  have  brought  out  the  importance  of  paying  attention  in  future  to  the  intensity  of 
fluid  processes  which  occur  within  the  actual  blade  row.  I would  make  particular  mention  that  most  of  the  rapid 
density  changes  occur  between  leadmg  and  trailing  edges  although  their  effects  both  upstream  and  downstream  may 
be  major,  as  illustrated  by  the  work  of  Hawthorne  and  Kingrose  and  later  by  Lewis  and  Horlock. 

My  second  point  in  relation  to  the  present  paper  is  the  strong  casing  flare  and  radial  flows  needed  to  accommo- 
date density  changes.  Has  the  author  incorporated  design  rules  to  correct  SI  outlet  angles  for  these  strong  sweep 
effects?  In  my  experience  swirl  velocities,  based  upon  two-dimensional  cascade  tests,  could  be  up  to  10%  in  error. 

The  corrections  originally  proposed  by  Smith  and  Yeh  have  proved  to  work  well  for  highly  swept  high  deflection 
turbine  cascades  tested  in  mv  own  ial  oratories  in  both  parallel  wall  swept  cascades  and  conical  flow  annular  cascades. 

Authors’  response: 

As  far  as  the  first  point  is  concerned,  if  you  are  pressing  for  much  more  complicated  solutions  then  as  far  as 
accuracy  is  concerned  I can  only  agree  with  you  that  this  kind  of  effect  should  be  taken  into  account.  As  far  as 
doing  design  work,  I am  absolutely  horrified  that  people  would  contemplate  using  highly  complicated  blade  to  blade 
programs  which  require  a couple  of  weeks  to  sort  out  the  data  before  getting  an  answer.  The  comparison  with  data 
that  we  have  got  docs  not  suggest  that  we  compute  massive  errors.  We  evaluate  the  kind  of  situation  that  tends  to 
be  produced  in  the  turbine,  and  we  can  in  fact  predict  the  efficiency  of  our  tin  bines.  For  the  second  point,  you  are 
asking  if  we  are  taking  ...to  account  the  flaring  in  the  design  of  our  blade  profiles.  We  would  check  the  eftect  of 
streamline  shape  for  a particular  profile  design,  hut  we  would  hope  that  there  is  such  an  acceleration  through  the 
guide  blade  that  the  effect  of  slope  cr  diffusion  terms  on  the  streamline  itself  would  not  introduce  serious  diffusion 
effects  on  the  blade  surface.  The  blades  we  are  talking  about  have  got  an  iniet  .ingle  of  90°  and  an  outlet  angle  of 
around  1 5°.  There  is  thus  a very  large  acceleration  across  the  blade,  and  providing  that  the  profile  is  properly  designed 
in  the  two-dimensional  sense,  i.e.  accelerates  uniformly  from  inlet  to  outlet,  then  local  diffusion  regions  even  in  the 
presence  of  streamline  diffusion  can  be  avoided.  The  other  problem  that  I mentioned  earlier  is  that  in  a design  of 
this  sort,  the  blade  and  stator  combination  has  to  provide  a range  of  duties.  We  are  not  just  designing  a blade  but 
an  LP  stage  operating  over  a range  of  different  volume  flows  at  exit.  This  leads  to  different  streamline  patterns,  and 
designing  a profile  for  just  one  streamline  may  not  be  particularly  advantageous. 

Comment 

Concerning  the  radial  flow  part  of  the  section,  I have  done  cascade  tests  with  cascade  swept  to  45°  with  heavy 
loading.  I find  that  there  is  a co  'siderable  reduction  in  the  turning  property  of  the  fluid. 

Authors’  response: 

We  are  using  Traupel’s  method  which  corrects  for  that  effect.  The  method  gives  around  6°  negative  deviation 
for  a convergent  blade  for  a 45°  flare.  This  arises  from  the  variation  of  radius  across  the  throat  and  from  the  change 
in  slope  and  streamtube  height  between  throat  and  the  trailing  edge. 

Comment  by  C.Sieverding,  von  Karman  Institute,  Belgium 

You  defined  as  limit  loading  condition  the  one  for  which  the  trailing  edge  shock  for  one  blade  hits  the  trailing 
edge  of  the  next  one.  I would  suggest  that  the  limit  loading  is  reached  when  the  trailing  edge  shock  falls  behind  the 
reattachment  point  which  is  behind  the  trailing  edge  of  the  other  blade. 

Authors’  response: 

I accept  this  point,  But  when  you  have  to  take  into  account  the  radial  flow  effects  on  deviation,  this  also  will 
affect  the  computation  of  the  tangential  velocity  distributions.  What  1 suggest  is  that  we  drop  this  definition  and 
simply  use  the  maximum  value  of  Cw/Ccrjt  which  comes  out  of  the  deviation  equation  which  includes  -ill  the  radial 
flow  effects.  You  can  differentiate  the  equation  and  find  the  maximum  value  within  the  through-flow  program. 
Otherwise,  you  will  get  an  inconsistency  between  specifying  one  set  of  two-dimensional  conditions  and  evaluating 
the  deviation  from  another  set  of  equations. 

Comment  by  J.Dunh&m,  N.G.T.E.,  UK 

What  radial  distribution  of  losses  was  assumed  in  calculating  Figure  5?  Were  the  secondary  losses  uniformly 
distributed  across  the  blade  height,  or  concentrated  towards  the  hub  and  tip  as  outlined  in  Section  3.1? 

Authors’  response: 

Solutions  quoted  assumed  constant  secondary  loss  across  the  blade  he;ght,  profile  losses  are  evaluated  locally  at 
each  radius.  General  method  of  concentrating  secondary  losses  at  root  and  tip  would  not  be  applied  since  aspect 
ratio  of  the  blading  is  less  than  2.0,  Parabolic  distributions  of  secondary  loss  were  in  fact  introduced  which  slightly 
improved  correlation  between  tests  and  calculated  distributions,  but  did  not  of  course  predict  the  overturning  effects 
at  root  and  tip. 
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DESIGN  OF  TURBINE,  USING  DISTRIBUTED  OR  AVERAGE  LOSSES?  EFFECT  OF  BLOWING 

D.  S.  Mukherjee 
Gas  Turbine  Department 
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Switzerland 


SUMMARY 

The  design  of  a multi-stage  turbine  begins  with  one-dimensional  calculations.  Flow 
field  computations  which  then  follow  are  invaluable  as  they  allow  to  determine  velocity 
triangles  at  different  radii  and  to  design  the  blades.  In  these  calculations,  aerodynamic 
losses  and  outlet  angle  deviations  due  to  secondary  and  tip  clearance  flow,  as  wall  as 
the  influence  of  coolant  on  the  main  stream  expansion  are  taken  into  account. 

NOMENCLATURE 

A area 

C specific  heat 

C absolute  velocity 

c chord  length 

e proper  work  by  the  fluid 

h blade  height,  enthalpy 

K kinetic  energy 

ih  mass  flow  rate 

n polytropic  exponent 

o throat 

p pressure 

<5  heat  flow  to  coolant 

R gas  constant 

r radius 

s entropy 

s spacing 

T temperature 

t trailing  edge  th?  ckness 

u circumferential  speed 

v specific  volume 

W relative  velocity 

y*  critical  distance  from  boundary  wall  for  secondary  loss 

y**  critical  distance  from  boundary  wall  for  tip  clearance  loss 

a,  a'  absolute  flow  angle  measured  from  tangential  direction 
a coolant  blowing  angle 

B,  8'  relative  flow  angle  measured  from  tangential  direction 
A 8 angular  deviation 

Ah  enthalpy  drop 

e slope  angle  of  meridional  stream  line 

C loss  coefficient 

n polytropic  efficiency 

Y isentropic  exponent 

n pressure  ratio 

t tip  clearance 

-C* 

Subscripts 


two-dimensional 

inlet  to  blade  row 

outie  t from  blade  row 

inle  • to  next  blade  row 

coolant 

effective 

inlet  to  turbine 

measured  value 

meridional  component 

turbine  outlet 

profile 

pressure  side 

radial 

rotor 

secondary 

suction  surface 

stator 

tip  clearance 
trailing  edge 
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just  after  trailing  edge 

stagnation 

mean  value 


INTRODUCTION. 

The  design  of  a multi-stage  turbine  starts  with  a one-dimensional  calculation  at 
reference  radii.  For  this  purpose  stage  characteristics  are  used,  these  data  are  usually 
taken  from  an  experimental  turbine  for  a particular  blading.  However,  aspect  ratio, 
channel  end  wall  inclination,  Mach  number,  Reynolds  number  etc.  may  differ  to  that  of 
the  experimental  turbine.  Thus,  although  the  load  coefficient  at  reference  radii  is  same, 
the  radial  distribution  and  therefore  the  turbine  performance  may  be  quite  different.  In 
a turbine  with  high  inlet  temperature  certain  blade  rows  are  cooled.  The  effect  of 
coolant  from  a blade  row  is  of  course  considered  in  the  one-dimensional  calculati >n  by 
modifying  the  inlet  data  of  the  following  stage.  In  case  the  coolant  is  discharged  from 
a vane,  a part  of  this  is  accounted  for  at  the  stage  inlet  and  the  rest  at  the  outlet. 

Once  the  main  dimensions  of  the  hot  gas  channel,  and,  as  a first  approximation  the 
number  of  blades  and  "h'-rd  length  in  each  row  have  been  fixed,  a radial  equilibrium 
calculation  is  started.  Tne  three-dimensional  flow  in  a multi-stage  turbine  is  of  course 
very  complex.  The  energy  dissipation  and  flow  angle  vary  along  the  circumference  and 
also  spanwise.  Our  calculation  model  is  however  simple  as  it  is  axissymmetric,  thus 
neglecting  all  variations  of  data  along  the  circumference.  The  coolant,  usually  a part 
of  compressor  air,  is  blown  out  from  blades  or  end  walls,  expanding  in  the  turbine  from 
a comparatively  low  pressure  and  temperature,  fig.  1.  The  exhaust  coolant  velocity  is 
usually  different  to  that  of  main  stream.  There  is  a spanwise  distribution  of  coolant 
mass  flow  and  thus  a radial  variation  of  mixing  loss  and  outlet  angle.  The  aerodynamic 
losses  - profile  ana  secondary  losses  - vary  spanwise  as  well.  Tip  clearance  losses  and 
losses  due  to  uneven  rotor  or  casing  boundaries  are  regional  and  should  be  considered 
accordingly.  These  losses  have  further  an  effect  on  the  outlet  angle  of  a row. 


FIG,  1 - FIRST  STAGE  OF  A TURBINE  SHOWING  COOLING  SYSTEM  AND  SECONDARY 
AIR  FLOWING  INTO  MAIN  STREAM  CHANNEL 


AERODYNAMIC  LOSSES 


The  primary  loss  in  a two-dimensional  flow  around  the  blade  profile  consists  of 
friction  losses,  trailing  edge  losses  and  after  mixing  losses.  These  have  been  given  in 
several  literatures  [l,  2,  3,  4,  5j . In  [l]  these  losses  are  determined  as  a function 
of  inlet  angle  (Bio)r  outlet  angle  ( 620 )*  solidity  (c/s)  and  trailing  edge  thickness  t. 
In  case  of  coolant  exhausting  at  the  trailing  edge,  its  thickness  is  modified  to  an 
effective  value  in  a simplified  calculation.  The  actual  flow  behaviour  is  probably  quite 
complicated  due  to  the  lower  pressure  and  wake,  [3,  4,  5].  The  influence  of  Mach  number, 
Reynolds  number,  surface  roughness  on  profile  losses  should  of  course  be  considered. 


'ml* 
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Using  data  of  [l]  one  can  feed  a spanwise  distribution  of  these  losses  into  the  radial 
equilibrium  calculation.  Several  boundary  layer  calculation  programs  are  available  [6,  7] 
which  calculate  profile  losses.  This  calculation  is  of  course  done  to  design  an  optimum 
profile  for  a given  inlet  and  outlet  angle. 

Theoretical  and  experimental  investigations  have  been  published  in  [8]  on  secondary 
losses.  These  interesting  lecture  series  demonstrated  the  complexity  of  secondary  flow 
[9].  In  order  to  feed  a spanwise  distribution  of  secondary  loss  in  a flow  field  calcu- 
lation, it  is  necessary  to  know  the  critical  aspect  ratio  (h/c)crit,  [10,  11,  12].  Based 
on  data  of  [ll]  and  [13]  Traupel  suggests  for  critical  blade  height: 

(h/ s) crit  = 7 ... 10 / £p 

This  formula  (lower  value  for  reaction  blading)  is  being  used  by  us  as  it  agrees  with 
results  of  our  experimental  turbine.  Thus  the  distance  y*  from  the  boundary  walls  from 
where  the  secondary  loss  no  more  exists  is  known.  In  choosing  the  chord  length  of  a 
blade,  every  effort  is  made  to  achieve  an  aspect  ratio  higher  than  the  critical  value. 
Systematic  tests  in  an  experimental  turbine  allow  us  to  correlate  the  mean  secondary 
loss  as  a function  of  load  coefficient  and  blade  geometry.  In  absence  of  similar  test 
data,  mean  secondary  loss  data  of  [l,  14,  15]  are  suggested.  Instead  of  a spanwise 
distribution  according  to  [10]  a simple  parabolic  distribution  whose  mean  agrees  to  our 
experimental  data  is  considered.  The  profile  loss  curve  is  tangent  to  this  parabola  at 
y*.  In  case  of  rotor  or  casing  walls  having  a high  angle  of  inclination,  extra  secondary 
losses  are  given  in  [16] . Data  on  tip  clearance  losses  for  shrouded  and  nonshrouded 
blades  are  available  in  [l,  17,  18],  The  position  of  the  tip  clearance  vortex,  and  thus 
the  critical  distance  y**  from  the  end  wall  up  to  where  the  radial  distribution  of  tip 
clearance  loss  exists,  is  known  from  [18] . A radial  distribution  similar  to  [18]  whose 
average  over  the  blade  span  satisfy  our  experimental  data  is  used.  Extra  losses  like  end 
wall  friction  loss  and  those  due  to  uneven  boundary  walls  ate.  are  given  in  [l]  and 
should  be  used  for  boundary  stream  tubes. 


OUTLET  ANGLE 

When  the  blade  geometry  of  a row  is  known,  the  outlet  angle  along  the  conical  stream 
surface  at  different  radii  for  each  row  is  required.  This  is  determined  according  to  [19] 
in  which  of  course  a few  assumptions  are  made.  In  some  instances,  like  very  small  outlet 
angle  or  large  pitch  this  method  or  those  given  by  [ 1 , 20]  may  not  be  accurate  enough. 
These  integral  methods  are  not  universal.  If  possible  it  is  better  to  check  the  outlet 
angles  according  to  more  basic  calculating  methods  like  [ 2l] . 

The  radial  distribution  of  the  outlet  angle  due  to  secondary  flow  superimposed  on 
the  spanwise  two-dimensional  outlet  angle  is  given  by  [10,  18].  In  most  of  the  literatures 
the  change  in  outlet  angle  due  to  secondary  flow  and  tip  clearance,  as  a mean  value  over 
blade  height,  has  been  investigated.  The  experimental  results  in  the  Institut  fur  ther- 
mische  Turbomaschinen,  ETH  ZUrich,  [13]  and  Traupels  correlation  for  a mean  outlet  angle 
correction  due  to  secondary  and  tip  clearance  flow  are  used.  A radial  distribution  at 
the  end  wall  regions  due  to  secondary  flow  and  tip  clearance  is  superimposed  on  the 
calculated  angles  due  to  two-dimensional  flow  to  satisfy  the  mean  correction.  In  case 
the  flow  outlet  angles  are  known  from  a radial  equilibrium  calculation  the  blade  can  be 
designed. 


INFLUENCE  OF  COOLING  AIR  ON  MAIL  STREAM  PROPERTIES 

The  effect  of  secondary  a.1r,  blown  out  in  the  main  stream  channel,  should  be  consid- 
ered in  the  axis-symmetric  radial  equilibrium  calculation.  The  expansion  of  main  stream 
is  not  adiabatic.  The  coolant  is  usually  ejected  in  the  form  of  discrete  jets  from  holes 
or  slots,  fig.  2.  We  assume,  similar  to  [22],  that,  in  case  of  pressure  surface  blowing 
the  coolant  further  expands.  However  if  the  coolant  is  ejected  on  the  suction  surface  it 
has  to  be  pumped  to  the  pressure  existing  at  the  trailing  edge.  However  the  coolant 
exhausting  from  trailing  edge  of  a blade  row  or  from  boundary  walls  of  intermediate 
passages  between  the  blades  is  assumed  to  have  mixed  completely  with  the  main  stream  up 
to  the  inlet  of  next  row.  The  coolant  from  hub  or  casing  is  mixed  only  in  the  boundary 
stream  tubes.  A spanwise  distribution  of  coolant  and  its  effect  on  the  main  stream 
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RADIAL  EQUILIBRIUM  COMPUTATION 


FIG.  2 -A)  COOLANT  FROM  BLADE  SURFACE, 

TRAILING  EDGE  AND  BOUNDARY  WALLS 
WITH  MAIN  STREAM  AT  DIFFERENT  STA- 
TIONS, S,  APPENDIX 

B)  MAIN  STREAM  EXPANSION  INFLUENCED 
BY  COOLING  AIR  IN  h-s  DIAGRAM 


A computer  program  based  on  the  stream  line  curvature  approach  is  used  for  gas  tur- 
bine design.  The  calculations  of  the  flow  field  consider,  primarily,  the  conservation 
laws  of  momentum  and  mass.  In  addition  the  energy  equation  in  the  form  often  used  in 
turbomachinery  and  the  equations  defining  the  fluid  properties  are  required. 

For  high  temperature  gas  turbine  design  the  computing  system  has  been  further  devel- 
oped to  handle  coolant  flow.  The  influence  of  coolant  is  considered  in  the  computing 
procedure  by  using  secondary  programs  together  with  the  main  radial  equilibrium  program. 
The  following  secondary  programs,  (subroutines  to  the  main  program),  are  used,  s.  fig.  3. 


A.  : Coolant  mass  flow  and  radial  distribution  of  coolant  from  a blade  row 

B. :  Change  in  aero-thermodynamic  data  at  outlet  of  a row  (s.  Appendix) 

Cl):  Mean  aerodynamic  loss  coefficient  and  spanwise  outlet  angle  distribution  (due  to 
varying  pitch  and  blade  stagger)  including  an  average  angle  deviation  due  to  sec- 
ondary and  tip  clearance  flow,  i.e.: 

C(r)=t;  82 (r)  = B20 (r)  + A6SfT 

2) : Radial  aerodynamic  loss  distribution  and  outlet  angle  distribution  due  to  secondary 
and  tip  clearance  iiow 

C(r)  = Cp(r)  + Cs,T(r)  J 82(r)  = B20(r)  +6BSfT(r) 


To  save  computing  time,  a preliminary  calculation  is  conducted  in  which  the  total  mass 
flow  m0  at  the  last  computing  station  in  the  exhaust  diffusor  is  taken  as  inlet  mass 
flow  m-L.  An  inlet  temperature  called  "mixed  flow  inlet  temperature  T*  corresponding  to 
the  mean  proper  wirk  e (s.  Appendix  and  fig.  4)  is  used.  These  data  are  known  from  the 
one-dimensional  calculation.  The  channel  annulus  is  modified  at  each  station  to  achieve 
minimum  change  in  boundary  wall  curvatures  and  correct  inlet  velocity.  The  computing 
stations  are:  outlet  of  each  row,  a few  stations  in  the  axissymmetric  part  of  inlet  and 
in  the  exhaust  diffusor.  The  outlet  angles  B2oU)  at  each  row  are  assumed  and  supplied 
to  program  Cl  as  input.  A constant  polytropic  efficiency  calculated  from  mixed  flow  inlet 
temperature  Ti  and  mean  proper  wori  § is  used,  s.  fig.  4.  The  radial  equilibrium  calcu- 
lation of  the  so-called  "mixed  turtine"  is  then  conducted  to  satisfy  the  outlet  pressure 
and  mass  flow  for  a given  inlet  pre;sure.  The  consistent  mean  values  of  the  fluid  at  any 
station  according  to  Dzung  [23]  are  of  course  decisive.  This  computation  allows  to  find 
suitable  outlet  angle  distribution  satisfying  degree  of  reaction  in  each  stage,  proper 
inlet  flow  condition  to  exhaust  diffusor  etc..  Although  this  computation  is  simplified, 
the  intermediate  pressures  of  this  calculation  could  be  used  to  determine  the  one-dimen- 
sional expansion  of  the  main  stream  and  coolant,  s.  fig.  4..  For  this  purpose,  tue  annulus 
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G,  j - PROGRAM-SYSTEM  FOR  TURBINE  FLOW  FIELD  COMPUTATION 

COMPUTER  PROGRAM  A!  CALCULATES  COOLANT  MASS  FLOW  AND  ITS  RADIAL 
DISTRIBUTION  FROM  A ROW 

COMPUTER  PROGRAM  B:  CALCULATES  CHANGE  IN  AERO-THERMODYNAMIC 

DATA  AT  OUTLET  OF  A ROW,  S.  APPENDIX 

COMPUTER  PROGRAM  C!  CALCULATES  AERODYNAMIC  LOSS  COEFFS.  AND 
OUTLET  ANGLES  DUE  TO  SECONDARY  AND  TIP 
CLEARANCE  FLOW 


MODIFIED  CHANNEL  FOR  *MIXED  TURBINE* 


REAL  TURBINE  BOUNDARY 
HALL 


MAIN  STREAM  AND  COOLANT 


FIG.  4 - A)  MODIFIED  TURBINE  CHANNEL  FOR  PRELIMINARY  MIXED  FLOW 
CALCULATIONS  AND  REAL  CHANNEL 

B)  EXPANSION  OF  MAIN  STREAM  AND  COOLANT  IN  h-s  DIAGRAM 
FOR  REAL  TURBINE  AND  FOR  AN  EQUIVALENT  MIXED  FLOW 
EXPANSION 
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may  even  be  subdivided  into  a number  of  concentric  channels  as  suggested  by  Traupel  and 
distributed  loss  coefficients  and  regional  losses  can  be  considered  to  determine  power 
output  of  the  turbine. 

A second  flow  field  computation  is  then  started  with  the  real  annulus,  real  inlet 
flow,  assumed  coolant  flow  for  different  blade  rows  and  with  the  main  stream  inlet  tem- 
perature and  pressure,  corresponding  to  the  previous  calculation.  The  aerodynamic  losses 
and  outlet  angles  are  determined  for  each  row  in  program  Cl,  based  on  the  previous  cal- 
culation. Recently  spanwise  distribution  of  losses  and  spanwise  modification  in  outlet 
angle  due  to  three-dimensional  flow  is  being  considered  in  program  C2.  The  coolant  mass 
flow  in  each  row  is  calculated  in  Program  A based  on  the  main  stream  data  of  the  row. 

The  modified  main  stream  data  at  the  computing  stations  from  program  B are  then  consid- 
ered in  the  flow  field  computation. 


CALCULATION  AND  COMPARISON  WITH  EXPERIMENT 

For  a five  stage  low  temperature , low  Mach  number  experimental  turbine,  examples  of 
radial  equilibrium  calculations  are  presented  below.  These  have  been  done  using 

a)  . mean  aerodynamic  losses  5,  s.  fig.  5 (according  to  program  Cl) 

. spanwise  outlet  angle  variation  along  the  conical  stream  surface  820 (r)  according 
to  (1)  Traupel  [19] 

(2)  820 <r)  = arcsin  o/s,  fig.  5 

with  a constant  additional  deviation  due  to  secondary  and  tip  clearance  flow, 
(program  Cl) 

b)  . spanwise  distribution  of  aerodynamic  losses  and  outlet  angle  influence  by  secondary 

flow  and  tip  clearance,  (according  to  program  C2)  with  820(r)  = arcsin  o/s,  fig.  5 


FIG.  5 - LOSS  AND  OUTLET  ANGLE  DISTRIBUTION 


The  computations  of  the  flow  field  have  been  conducted  for  a turbine  blade  geometry  with 
two  different  clearances 

t/c  = 0.015  and  0.062 

The  stages  are  repeating  stages  with  a degree  of  reaction  0,5  and  cylindrical  blades  and 
vanes.  The  outlet  angles  of  the  blades  vary  from  hub  to  casing  approximately  15°  to  25° 
radially.  As  this  turbine  was  measured  extensively  the  results  of  the  calculations  can  be 
compared  with  the  test  data.  The  measurements  consist  of  mass  flow  (which  remains  unchanged 
from  inlet  to  outlet),  inlet  pressure  and  temperature.  At  turbine  outlet,  approximately 
0,5c  distant  from  the  last  row,  pressure,  velocity  and  angles  with  five  hole  probes  have 
been  taken.  These  probes  were  traveresed  radially.  Tables  below  show  the  results  of  the 
calculations  compared  with  the  experimental  data.  As  shown  in  the  tables  1 and  2 the 
calculated  data  of  a (2)  with  820 <r)  = arcsin  o/s  agree  well  with  measured  mass  flow  and 
pressure  ratio.  In  the  through  flow  calculation  of  b (tables  1 and  2)  with  spanwise  dis- 
tribution the  basic  angles  820(r)  were  therefore  taken  from  af2). 

Frgs.  6 and  7 show  the  calculated  angle  and  velocity  distributions  for  the  example 
a (2) , compared  with  the  measured  data  for  blades  with  low  tip  clearance  t/c =0.015. 

Similar  calculation  for  blades  with  high  tip  clearance  t/c =0.062  and  experimental  data 
are  shown  in  figs.  8 and  9.  For  the  high  tip  clearance  blading  with  loss  and  angle  dis- 
tribution, (example  b) , figs.  10  and  11  show  the  calculated  and  measured  values.  Better 
agreement  in  the  calculated  angle  and  velocity  distribution  with  measurements  compared 
to  the  data  of  a (2)  can  be  seen.  The  computation  with  distributed  losses  allows  a better 
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agreement  in  the  end  wall  regions.  However,  the  strong  gradient  in  loss  and  outlet  angle 
input  probably  causes  numerical  problems  in  the  radial  equilibrium  calculations  which 
creates  a wavy  character  of  the  plotted  results  in  the  mid-span  region. 


TABLE  1 


Relative  clearance  t/c = 0.015 


TABLE  2 

Relative  clearance  t/c = 0.062 


Calcu 

a(l) 

.ation 
a (2) 

Calculation 

b 

Measurement 

m/ nijn 

1.2168 

1.002 

0.9420 

1.000 

TT*/TJ*m 

1.0182 

0,9998 

0.9881 

1.000 

Calculation 
a (2) 

Calculation 

b 

Measurement 

0.9877 

0 9868 

1.000 

0.9993 

0.9921 

1.000 

0.2  0.4  0.6  0.8  1.0 


0.2  0.4  0.6  0.8  1.0 


FIG.  6 - CALCULATED  FLOW  ANGLES  COMPARED 
WITH  MEASUREMENT  FOR  EXAMPLE 
a (2)  WITH  REL.  CLEARANCE  0,015 


Measure*: 


Calculated 


FIG.  7 - CALCULATED  FLOW  VELOCITIES  COM- 
PARED WITH  MEASURED  VALUES  FOR 
EXAMPLE  a (2)  WITH  REL.  CLEARANCE 
0,015 

Measured  Calculated 


i oxora 

0 

02  OA  06  0.8  to  r*~ 

FIG,  8 -CALC,  a (2) ; FIG.  10 -CALC,  b 
CALCULATED  AND  MEASURED  FLOW  ANGLES 
WITH  REL.  CLEARANCE  0,062 

FIG.  9 -CALC,  a (2) ; FIG.  11 -CALC,  b 
CALCULATED  AND  MEASURED  FLOW  VELOCITIES 
WITH  REL,  CLEARANCE  0,062 

Measured  , Calculated 

Measured  Calculated 

A W — — — 
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BLADE  DESIGN 

Once  the  radial  equilibrium  calculation  ends  to  satisfaction,  the  blade  profiles  are 
developed  along  the  conical  stream  surface  to  achieve  optimal  aerodynamic  behaviour. 

Fig.  12  shows  the  calculation  steps  involved.  The  blade  development  starts  with  an 
assumed  optimum  velocity  distribution;  the  profiles  are  then  modified  at  the  leading  and 
trailing  edge  manually.  Further  profile  modification  to  achieve  required  outlet  angle  is 
conducted  at  the  CAD-station  (computet  aided  design  procedure  ) . For  cooled  blades  the 
coolant  passages  are  designed  and  the  hollow  blade  geometry  is  used  for  further  inves- 
tigation. The  mechanical,  thermal  and  vibrating  stresses  (natural  frequency)  have  to  be 
investigated  to  achieve  desired  blade  life. 


FIG,  12  - CALCULATION  STEPS  TO  DEVELOP  BLADE  PROFILES  FOR  GIVEN 
FLOW  CONDITIONS 

CUCPHPJlffEft^QS^  /^M^WANUAL.SIEP 
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CONCLUSION 

In  the  radial  equilibrium  calculation  the  influence  of  coolant  blown  into  main  stream 
are  considered.  The  aerodynamic  losses  and  outlet  angle  deviations,  even  radially  distrib- 
uted, can  be  considered.  For  quick  computation  of  the  flow  field,  a mean  loss  coefficient 
and  a mean  angular  deviation  can  be  used  as  well.  Stronger  emphasis  should  be  given  in 
determining  the  outlet  angles  of  a blade  row  along  the  meridional  planes  for  two-dimen- 
sional flow  by  using  exact  solutions  or  by  determining  these  data  from  experiment. 
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APPENDIX 

EFFECT  OF  COOLANT  ON  MAIN  STREAM  DATA 

The  cooling  air,  ejected  into  the  hot  gas  channel,  creates  a change  in  aero-thermo- 
dynamic data  with  entropy  production  due  to  mixing.  This  secondary  air,  blown  out  from 
blade  surface  or  from  trailing  edge,  has  often  a radial  distribution.  The  coolant  from 
rotor  or  blade  carrier  exhausting  in  the  intermediate  passage  between  the  blades  effec  s 
in  the  first  instance  the  boundary  stream  tubes.  A calculation  method  is  presented  below 
to  determine  the  radial  change  in  the  main  stream  properties.  In  the  calculating  s- ations 
following  assumptions  are  made. 

Station  1 : Inlet  to  a row  with  homogeneous  flow  along  the  circumference,  fig.  2. 

Station  2y:  Just  after  the  trailing  edge;  no  mixing  of  coolant  (exhausted  at  pressure  or 
suction  surface)  with  main  stream  takes  place.  Furthermore  P2y  = Pc2y  and 
®2y  = 8c2y* 

Station  2:  Just  after  plane  2y;  complete  mixing  of  main  stream  and  coolant  (from 

pressure  or  suction  surface)  takes  place  without  any  change  in  flow  angle 
and  pressure,  i.e.  82  = B2y  and  p2  = P2y  No  mixing  of  coolant  from  trailing 
edge  with  main  stream  takes  place.  We  assume  further  pct=P2  and  Bct!&2- 

Station  3:  Inlet  to  next  row;  complete  mixing  of  main  stream  with  coolant  from  trailing 

edge  of  proceeding  row,  from  hub  or  casing  takes  place,  P3  j4  P2  and  83^82- 

A radial  distribution  of  the  main  stream  properties  (changed  due  to  coolant  flow)  at 
plane  2 and  3 (identical  to  station  1 of  the  next  row)  is  calculated  along  the  meridional 
plane. 

A. 1 Expansion  of  main  stream 

In  case  of  cooled  blade  the  main  stream  expansion  is  not  adiabatic.  The  heat  flux 
from  main  stream  into  the  blade,  i.e.  absorbed  by  the  cooling  air  is  denoted  by  qc  for 
unit  main  stream  mass  flow.  In  case  of  a combined  convective-film  cooled  blade  we  assume 
however  no  heat  transfer  between  coolant  film  on  blade  surface  and  main  stream  up  to 
station  2y.  Furthermore  let  n be  the  polytropic  efficiency,  n the  polytropic  exponent 
and  Cc  the  coolant  coefficient.  We  define  proper  work  [24J 

c = Ah  - qc  (1) 


Ah  = (n  + Cc)  (jpn)  RTX 


1-  (££) 
PI 


qc  - ?c  (jrrr)RTi  1- 


In  the  above  equations  we  have  according  to  [l] 


d<tc 

vdp 


' i 32F 
i £ 

;§'p 


1 

ft 


(~)  = (*i + tc> 


and  dp  is  the  infinitesimal  pressure-drop  along  the  flow  paths. 

n and  £c  are  assumed  to  remain  constant  during  the  expansion;  P2y  has  been  replaced  by 
P2* 


* 
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The  velocity  of  main  stream  at  station  2y: 

for  the  fixed  blade  W2y  = /2  (K^  + e) 

for  rotating  blade 


= /2(Kt  + e + —■) 


with 


' (Ki  ' 
K1  = Wx2/2 


(7a) 

(7b) 

(8) 


HI 


As  will  be  shown  later  the  effective  main  stream  velocity  is  different  to  that  given  by 
eq.  (7)  when  the  coolant  is  blown  out  on  the  suction  surface.  The  equations  in  relative 
system  are  also  valid  for  a vane  in  absolute  system  with  velocity  W replaced  by  C. 

A. 2 Expansion  or  compression  of  coolant 


i 


From  the  blade  cooling  preliminary  calculation  following  data  mc,  Wc,  pc,  pc*,  Tc*, 
a (s.  fig.  2)  at  different  blowing  holes  or  slot.*  are  known.  It  is  assumed  that  the 
effective  velocity  of  coolant  is  Wc  . cos  a.  The  velocity  normal  to  blade  surface  is  thus 
neglected.  In  case  the  coolant  is  blown  out  on  pressure  surface  the  coolant  expands 
downstream  up  to  plane  2y. 

Its  velocity  at  2y  is: 


vane 


blade 


'sc2yp  = (KCp  + eCp) 
cp  + ecp ' 


/ A? 

— /2  (K,.-,  + e ~n  + — — 


SB) 


(9a) 

(9b) 


In  the  above  equation 


KCp  = 2 ^cp  cos  ap) 


LO) 


CP 


^cp  = n<=p  ncp  - i RTcp 


P?  RcP~  1 
1 - (-*-)  nr 


Pep 


“cp 


(11) 


with 


ncp  ” 


7cp  ~ ^ 

ncp  = (n<=P)  * (~y7  ) 


1 cp 


If  the  cooling  air  exhausts  on  the  suction  surface  we  assume  its  effective  velocity  at 
plane  2y  to  remain  unchanged,  i.e. 


wc2ys  = wcs  * cos  °s 


(12) 


However  the  coolant  is  pumped  from  its  exhaust  pressure  to  that  at  plane  2y.  This 
pumping  work  is  supplied  by  the  main  stream.  Compared  to  the  main  stream  velocity  given 
by  eq.  (7)  the  effective  velocity  therefore  reduces  to 


For  fixed  blade 


W2 


2yef f . _ w22y  . v 
o • in  o • m **  Z^cs  • 


'CS 


cs  • mcs 
-1 


‘cs 


»cs  “cs 


nrc-1 


CS 

^cs 


P2 

(~)  - 1 
Pcs 


(13) 


(14a) 


For  rotating  blade 


“cs 


■)RTr 


ncs  ncs-l  cs 


(PL,—  , 

Pcs  ncs  " 


cs 


(14b) 


t 


For  the  coolant  stream  we  have 


I iji 


ncs-l  _ 1 ,Ycs-lv . 

~ 'n  ' '"“v  ' ' 

‘cs  Mcs  'cs 


nr 


(15) 


II 


The  yc  is  a function  of  coolant  temperature.  (We  assume  the  polytropic  efficiency  of 
coolant  Tic  to  be  same  as  that  of  main  stream.) 
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A. 3 Data  at  station  2 

The  velocity  at  station  2 after  complete  mixing  is  calculated  from  the  momentum 
equation: 


w2  = 


^ • ^2yeff  + 1*0  • ^c2y 

m + 1&C 


(16) 


The  outlet  angle  82  can  be  calculated  from  the  continuity  equation 

a2  • w2  • (^)sin  62  = A+  IA c 


with 


h2  = h2* 


(17) 

(is; 


The  stagnation  enthalpy  h2*  can  he  calculated  from  the  energy  equation 

(m  . hy*  - qc  . nO+£mch  * 

h2*  (19) 

(m  + £mc) 

from  which  we  have  the  stagnation  and  static  temperature  T2*  resp.  T2. 


A. 4 Data  at  station  3 

At  this  station  we  consider  the  coolant  from  trailing  edge,  from  rotor  or  blade 
carrier  completely  mixed  with  the  main  stream.  The  equations  in  absolute  system  are 
written  for  inclined  meridional  stream  plane.  The  coolant  from  hub  or  casing  exhausting 
in  the  intermediate  passage  between  the  blade  rows  (i.e.  between  plane  2 and  3)  is  mixed 
at  plane  3 in  the  boundary  stream  tubes.  Angular  momentum  equation  between  plane  2 and  3: 

m3  . C3  . cos  <13  .r3  = m2  . C2*cos  a2  .r2  + £mc.Cc.ccs  ac  .rc  (20) 


The  momentum  equation  along  the  meridional  plane: 

m3.C3.sin  013  + P3  . A3  = m2  • C2  . sin  02  + Jmc  . Cc  . sin  ac  + p2  • A2  (21) 

+ ~(p2  + P3 ) (A3  - A2) 

The  equations  of  continuity,  energy  and  the  relai ionship  between  static  and  stagnation 
temperature  together  with  the  above  two  equations  allow  to  calculate  all  the  unknown  data 
at  plane  3.  These  data  at  station  3 can  be  transformed  to  be  used  for  station  1 of  the 
next  row. 


A. 5 Proper  work  of  the  row 

The  proper  work  of  the  row  between  station  1 and  2 resp.  3 is  given  by  the  following 
equation 

(m+  Jmc)e  = m . e + £mcp  . ecp  - £mcs  . ecs  (22) 

e can  be  used  to  determine  the  mixed  flow  inlet  temperature  Ti.  We  are  as  well  interested 
in  the  product  of  mass  flow  and  proper  work,  i.e.  in  the  right  hand  side  of  the  eq.  2. 
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COMMENTS 


Comment  by  M. Moore,  C.K.G.  B.,  UK 

The  problems  of  introduction  of  cooling  air  highlights  a difficult  area  in  turbine  calculations,  where  to  introduce 
losses  in  a stage.  The  profile  losses  m a turbine  fixed  blade  do  not  mix  with  the  main  flow  within  the  stator,  but 
are  distributed  in  the  following  gap  and  moving  blades.  Should  the  stator  losses  from  correlations  therefore  be 
applied  in  the  rotor?  Simil  arly,  at  stations,  for  example,  following  the  stator  trailing  edge,  what  is  the  appropriate 
fluid  velocity  to  be  used  m radial  momentum  equations?  Should  it  be  the  main  stream  (inviscid  case)  value  or  some 
mean  value  averaged  b ■ incorporate  the  wake  deficit0  The  author’s  opinion  on  these  two  aspects  would  be  appreciated. 

Authors’  response: 

it  ,s  true,  that  the  wakes  due  to  boundary  layers  and  trailing  edge  from  the  blade  do  not  mix  with  the  main  flow 
immediately  at  the  trailing  edge.  The  mixing  occurs  downstream  in  the  bladeless  passage  and  in  the  following  row. 

The  assumption  that  the  complete  mixing  occurs  at  the  trailing  edge  is  thus  pessimistic. 

Traupel  in  his  profile  loss  analysis,  distinguishes  between  the  energy  dissipation  inside  the  blade  row  and  that 
due  to  mixing  of  the  wake  outside.  Similarly,  he  gives  a relationship  between  the  outlet  angle  at  the  trailing  edge  and 
that  far  downstream  after  complete  mixing  Assuming  complete  mixing  of  the  wake  in  the  bladeless  passage  (i.e. 
up  to  the  inlet  to  next  row)  one  could  compute  th:  flow  field  accordingly.  In  the  radial  equilibrium  calculation  the 
computing  stations  are  then,  outlet  of  each  row  an'.'  inlet  to  next  row.  Proper  losses  and  outlet  angles  have  of  course 
to  be  used  as  described  above.  The  ti,'d  velocity.  ut  these  stations  computed  from  the  radial  equilibrium  calculation 
are  then  appropriate  to  this  loss  distribution. 

The  axial  distance  between  the  bladeless  pass-.ge  is  chosen  such  that  the  following  row  u not  excited  from  the 
wake.  Sufficient  equalisation  of  the  wake  thus  take-.  ; .ce  in  this  passage.  The  entropy  proauction  due  to  momentum 
equalisation  follows  a parabolic  rule.  According  to  Im  pel  a 50%  tesp.  75%  equalisation  of  velocity  causes  75%  resp. 
93.8%  of  the  total  entropy  production.  Thus  the  above  assumption  that  the  losses  due  to  complete  mixing  of  the 
wake  occur  in  the  bladeless  passage  is  not  far  from  reality. 

!n  my  presentation  similar  assumption  has  been  made  tor  :oolant  stream.  Cooling  air  discharged  from  the  blade 
surface  (pressure  or  suction  surface;  for  film  cooling  > , assumed  to  be  mixed  completely  i.ptc  the  trailing  edge  of 
the  blade.  However  coolant  blown  out  at  the  trailing  edge  of  the  blade  is  mixed  com  letely  with  the  main  stream 
up  to  the  inlet  of  next  row 


A CRITICAL  REVIEW  OF  TURBINE  FLOW  CALCULATION  PROCEDURES 


A.  F.  Carter,  Manager,  Fluid  Dynamic  Systems  Group, 

Northern  Research  and  Engineering  Corporation,  Cambridge,  Massachusetts  02139 


SUMMARY 

Computational  techniques  developed  for  modern  computers  have  provided 
engineers  with  basically  sound  tools  for  turbine  design  and  analysis.  However, 
the  current  analytical  methods  do  not  necessarily  lead  to  improved  turbine 
performances  or  more  reliable  predictions  of  the  quantities  of  interest.  Un- 
fortunately, the  blade-row  performance  parameters,  such  as  total-pressure-loss 
coefficients  and  flcv  deviations,  remain  the  weak  assumptions  in  most  of  the 
otherwise  sophistica  ed  calculations  of  turbine  flow  conditions.  This  paper 
reviews  some  of  the  t reas  in  which  further  efforts  are  needed.  Since  a tur- 
bine's performance  ultimately  depends  on  the  detailed  design  of  the  blading, 
the  paper  concentrates  on  this  aspect  of  turbine  design  and  analysis. 


INTRODUCTION 

Given  as  many  equations  as  there  are  unknowns,  it  is  usually  possible  to  solve  the  equations  and  to 
determine  the  unknowns.  The  availability  of  computers  has  made  it  possible  to  solve  quite  complex  equa- 
tions encountered  in  design  and  analysis  problems.  There  is  no  doubt  that  the  solution  of  the  complex 
flows  within  a turbine  requires  sophisticated  computer  programs.  However,  I personally  doubt  that  current 
analytical  procedures  have  made  many  contributions  to  improved  performances  of  turbines.  Engineers  have 
been  provided  with  powerful  tools  in  the  form  of  computer  programs  for  their  design  and  analysis  tasks. 
Large  piles  of  computer  output,  however,  do  not  necessarily  mean  better  turbines  or  significantly  more 
reliable  predictions  of  the  quantities  of  interest. 

I work  for  a company  which  has  been  responsible  for  a wide  range  of  computer-aided  design  and  analy- 
sis procedures.  One  example  of  our  efforts  is  the  TD2  program  of  References  1,  2,  and  3.  Nevertheless, 
for  the  purpose  of  this  paper  I intend  to  play  the  role  of  a devil's  advocate.  Specifically,  I intend  to 
point  out  that  many  of  the  calculations  currently  performed  are  of  little  real  value  if  they  do  not  di- 
rectly tackle  the  problem  of  blade-row  performance  and  its  dependence  on  the  detailed  design  standard  of 
the  blading. 


MISCELLANEOUS  PROBLEMS 

In  the  days  of  the  slide  rule,  very  simple  procedures  were  used  for  design  and  analysis.  Free-vortex, 
constant-work  designs  were  readily  completed.  Simple  performance  correlations  were  developed  and  readily 
applied.  Turbines  frequently  performed  quite  well  and  more  often  than  not  met  their  design  requirements 
and  objectives. 

When  I was  first  confronted  with  a nonf ree-vortex  design,  it  was  because  someone  had  decided  it  would 
be  much  simpler  to  use  constant  section  blading  for  a stator  than  to  manufacture  the  more  complex  shape 
which  resulted  from  the  usual  free-vortex  design.  The  problem  to  be  addressed  then  was  to  determine  the 
magnitude  of  the  performance  penalty  associated  with  this  mechanically  simpler  design.  The  problem  I have 
today  is  to  find  anyone  who  has  a quantitatively  valid  model  for  the  higher  performances  achieved  in  the 
various  "nonf ree-vortex"  designs  which  are  used  by  many  turbine  manufacturers.  Later  in  the  paper  I ques- 
tion the  validity  of  attempts  to  control  reaction  or  to  use  control  1 ed-vortex  aerodynamics  as  an  explana- 
tion of  the  improved  performance  of  turbines  of  the  type  considered  in  Reference  k. 

Once  it  had  been  established  that  designs  having  a common  mean  radius  standard,  but  differing  in  de- 
tail across  the  annulus  from  hub  to  casing,  performed  differently,  it  became  necessary  to  consider  losses 
at  various  radial  locations.  Immediately,  the  engineers  developing  analytical  tools  met  a basic  problem. 
Losses  are  related  to  boundary  layers;  boundary  layers  migrate  across  streamlines  defined  by  the  core  flow; 
and  losses  are  measured  at  radial  locations  significantly  different  from  those  at  whicn  the  low-momentum 
flows  originated.  A problem  with  the  streamline  curvature  approach  to  turbine  design  and  analysis  is  that 
detailed  calculations  of  the  core  flews  usually  make  assumptions  concerning  the  losses  which  significantly 
affect  the  validity  of  the  calculations. 

The  flow  conditions  for  a first  stator  row  are  quite  complex,  but  as  soon  as  the  design  or  analysis 
problem  involves  a later  rew,  there  is  an  increase  in  the  complexity.  It  has  been  shown  experimentally 
that  the  performance  of  a rotor  rew  depends  on  the  quality  of  the  flow  entering  the  row.  The  replacement 
of  a stator  row  of  a poorly  performing  stage  by  an  improved  design  of  slightly  lower  loss  has  on  several 
occasions  increased  the  stage  efficiency  level  by  an  amount  far  greater  than  that  which  could  be  attributed 
to  the  lowered  stator-row  loss.  One  simple  approach  to  the  problem  of  correctly  modelling  the  performance 
of  a rotor  would  be  to  treat  the  entering  flew  as  consisting  of  a core  flow  and  a wake.  Thus,  each  transit 
of  a rotor  blade  across  the  pitch  of  a stator  blade  would  yield  a variation  of  inlet  flow  condition  for  the 
rotor.  Detailed  analyses  of  flew  conditions  within  a rotor,  or  for  a section  of  tto  rotor  blading,  are  in- 
teresting. However,  if  these  calculations  ignore  the  time-varying  flow  conditions,  they  address  only  part 
of  the  real  problem. 

One  of  the  programs  developed  by  NREC  is  for  the  analysis  of  turbines  of  a given  geometry.  The  analy- 
sis which  preceded  the  development  of  the  program  (Program  T0D3D)  considered  in  detail  the  pos-'bility  that 
there  would  be  cases  in  which  there  is  a deterioration  of  the  stage  exit  flow  profile  to  the  point  that 
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there  Is  a reversed  flow  region  at  the  hub  of  low  hub-to-tlp  diameter  ratio  stages.  Provisions  were  made 
for  handling  the  occurrence  of  negative  meridional  velocities.  However,  in  none  of  the  cases  investigated 
did  these  negative  velocities  occur.  The  underlying  reason  was  that  we  assigned  total  pressure  losses  us- 
ing loss  coefficients  based  on  relative  exit  dynamic  heads.  Hence,  as  velocities  decreased  near  the  hub, 
the  total  pressure  loss  also  decreased  In  the  calculations.  The  computational  scheme,  therefore,  imposed 
limits  on  the  deteriorations  of  the  flow  profile.  Since  experimental  data  have  shown  very  poor  flow  pro- 
files in  many  of  the  low  hub-to-tip  diameter  ratio  turbines,  there  is  a question  whether  or  not  the  con- 
ventional loss  coefficient  approach  will  ever  properly  predict  the  flow  fields  of  these  turbines. 

Engineers  working  to  develop  analytical  procedures  face  yet  another  basic  dilemma.  The  question  to 
be  resolved  is  how  much  effort  should  be  devoted  to  accurately  analyzing  poor  performance  designs.  There 
is  a strong  correlation  between  poor  performance  and  blading  standards  which  imp'  separated  flows.  The 
computational  problems  increase  when  separated  flews  have  to  be  considered.  It  w^.ld  probably  be  better 
to  direct  analytical  efforts  towards  improving  blading  design  standards  rather  than  towards  the  development 
of  computational  procedures  to  tackle  poorly  designed  turbines.  One  approach  to  the  problem  of  flow  calcu- 
lations and  performance  predictions,  in  the  presence  of  separated  flows,  might  be  to  develop  the  "least 
resistance  theory"  frequently  quoted  in  the  older  text  books  on  hydraulic  machinery.  In  effect,  the  flow 
through  turbines  could  be  considered  in  terms  of  what  flow  situation  corresponds  to  the  most  efficient 
passage  of  the  flow  through  the  stage  or  stages. 

Before  completing  this  brief  recital  of  problems  not,  to  my  knowledge,  currently  tackled  by  analytical 
methods,  there  are  two  very  important  questions  to  be  considered:  one,  how  mu> h greater  complexity  should 

be  introduced  into  the  analytical  methods?,  and  two,  how  are  the  various  a. olytical  procedures  dealing  with 
the  aerodynamics  of  turbines  best  integrated  with  the  equally  important  mechanical  aspects  of  turbines?  I 
do  not  know  the  answers  to  these  questions,  but  I have  opinions.  I believe  we  will  be  reaching  the  point 
of  diminishing  returns,  when  the  cost  of  engineering  time  and  computer  usage  approaches  the  cost  of  obtain- 
ing model  tests  of  candidate  designs.  With  respect  to  the  second  question,  I believe  turbine  technology 
is  already  at  the  point  where  the  challenge  is  no  longer  to  achieve  predictably  high  efficiencies  but  to 
maintain  efficiency  levels  in  turbines  which  are  more  reliable,  more  readily  manufactured,  lighter,  and 
less  expensive. 


SPECIFIC  DESIGN  PROBLEMS 

Programs  such  as  NREC's  Program  TD2  (and  its  equivalents  which  have  been  developed  by  most  of  the 

aircraft  engine  companies)  provide  engineers  with  great  design  freedom.  It  is  possible  to  generate  many 

design  alternatives  which  satisfy  the  specific  design  requirements.  However,  there  is  still  the  problem 
of  deciding  which  of  the  many  alternatives  should  be  selected.  Clearly,  it  is  impractical  to  carry  each 
of  many  parallel  design  efforts  to  a detailed  blading  standard  before  making  a choice.  Hence,  there  is  a 
need  to  relate  alternative  sets  of  blade  inlet  and  exit  flow  data  to  probable  perfoimance.  A wide  variety 
of  blading  types  can  be  selected  to  satisfy  the  required  power  output  and  flow  capacity. 

The  program  developed  by  NREC  assigns  a "consistent"  set  of  losses  to  design  alternatives,  but  to 

date,  this  "consistent"  set  of  losses  has  failed  to  properly  predict  the  efficiency  level  increase  which 
has  occurred  for  some  of  the  nonf ree-vortex  designs  when  compared  with  the  free-vortex  equivalent.  The 
governing  equations  at  stator-exi t/rotor-inlet  and  rotor-exit  planes  can  be  solved  for  a variety  of  possi- 
ble tangential  velocity  or  meridional  velocity  profiles.  The  radial  variations  of  flow  angles  can  be 
tailored  to  meet  specific  requirements.  If  the  calculations  are  performed  with  assumed  total  pressure 
losses  assigned  to  various  streamtubes,  there  is  little  reason  to  believe  significant  changes  in  perfor- 
mance will  be  achieved  compared  with  a free-vortex  design.  Stator  exit  flows  are  found  to  be  primarily  a 
function  of  the  average  tangential  velocity.  Consequently,  the  static  pressures  at  hub  and  casing  do  not 
vary  significantly  from  design  alternative  to  design  alternative,  provided  the  average  stage  reaction  Is 
maintained.  Various  streamline  patterns  can  be  generated  in  which  rotor  relative  flow  angles  change  as 
the  distance  between  adjacent  stream  surfaces  defining  equal  flow  increments  change.  If  we  use  loss  co- 
efficients that  depend  heavily  on  local  reaction,  it  is  not  possible  to  claim  reaction  control  as  the  means 
by  which  stage  efficiency  is  improved.  Similarly,  attempts  to  extract  more  work  from  the  more  efficient 
sections  of  the  turbine  lead  to  relatively  small  predicted  efficiency  improvements.  Here  again,  there  is 
only  a relatively  narrow  band  of  possible  solutions  of  the  row  exit  flow  fields. 

It  must  be  concluded  that  one  design  out-performs  another,  not  because  of  the  choice  of  particular 
vortex  flows,  but  because  the  use  of  that  vortex  flow  has  led  to  the  design  of  blading  which  is  inherently 
capable  of  higher  performance.  Returning  to  the  question  of  losses,  consider  the  actual  f'ow  leaving  a 
blade  row.  Traverses  downstream  of  stators  show  that  a very  high  percentage  of  the  flow  is  loss  free.  The 
measured  loss  is  associated  with  the  low-momentum  flow  originating  from  the  blade  surface  and  annulus  wall 
boundary  layers.  Mixing  of  high  and  low-momentum  flows  continues  over  considerable  flow  distances,  and 
first-stage  stator  wakes  can  be  measured  downstream  of  two  or  more  stages.  The  static  pressure  fields  are 
controlled  by  the  virtually  loss-free  core  flow.  The  wake  flow  accounts  for  a small  percentage  of  the  total, 
in  these  circumstances,  it  could  b«  argued  that  the  basic  radial  equilibrium  equation  should  be  solved  for 
the  loss-free  flow.  The  low-momentum  flow  could  be  considered  as  circumferential  and  radial  blockages. 

In  the  above  model,  there  would  be  a problem  of  assigning  these  blockages.  Boundary-layer  migration 
is  an  important  consideration.  If,  in  the  stator  row,  the  static  pressure  fi*1d  causes  low-momentum  flow 
to  migrate  towards  the  hub,  the  free  stream  flow  will  be  forced  outward.  It  is  because  the  above  is  a 
valid  model  of  the  physics  of  the  flow  that  I have  lost  enthusiasm  for  taking  part  in  academic  arguments 
with  respect  to  streamline  curvature  and  axial  derivatives  of  various  quantities  in  solutions  of  the  sup- 
posedly governing  equations  which  are  now  an  Integral  part  of  most  modern  computer  programs  for  design  and 
analysis.  In  effect,  I advocate  even  stronger  emphasis  on  the  blade  design  standard.  I believe  it  makes 
more  sense  to  select  a particular  nonfree-vortex  design  because  it  will  be  possible  to  design  more  efficient 
blading  rather  than  to  devote  considerable  efforts  to  provide  accurate  predictions  of  the  flow  fields  in 
the  inter-blade-row  spaces.  Unfortunately,  almost  endless  varieties  are  now  available  to  a designer  with 
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access  to  computer  programs.  Complex  flow  fields  are  solved  in  order  to  generate  inter-blade  row  velocity 
triangle  data. 

I would  carry  the  above  one  step  further.  If,  in  the  detailed  blading  task,  an  engineer  finds  that 
the  detailed  aerodynamic  and  mechanical  requirements  are  not  consistent  with  satisfying  criteria  related 
to  boundary  layer  behavior,  he  should  be  prepared  to  respecify  the  parameters  controlling  the  vortex  flows. 

SPECIFIC  ANALYSIS  PROBLEMS 

The  analysis  problem  consists  of  detirmining  the  detailed  perfo-mance  of  a turbine  when  blading  and 
over-all  operating  conditions  are  defined.  Designs  can  be  analyzed  before  they  are  manufactured  or  when 
experimental  data  are  available.  The  over-all  objective  to  be  set  for  analysis  methods  is  that  the  perfor- 
mance of  turbines  will  be  accurately  predicted  in  advance  of  any  hardware  procurement.  There  is  obviouslv 
some  advantage  associated  with  the  ability  to  model  detailed  performance  after  the  fact;  that  is,  when  test 
data  become  available.  However,  if  the  purpose  of  the  analysis  is  to  discover  why  particular  problems  ex- 
ist, it  is  already  too  late.  Hopefully,  the  primary  purpose  of  experimental  .work  will  be  to  improve  the 
analytical  methods  for  future  application. 

Northern  Research  and  Engineering  Corporation  personnel,  like  many  other  engineers,  have  devoted 
considerable  efforts  to  the  development  of  analysis  procedures.  It  is  possible  to  construct  analytically 
sound  models  of  the  physics  of  the  flow.  In  the  case  of  centrifugal  compressor  blading,  ar.  attempt  was 
made  to  analytically  treat  both  the  viscous  boundary  layer  flow  and  the  inviscid  flow  field  in  a series  of 
cimputer  programs.  These  computer  programs  were  developed  but  not  to  the  po;nt  that  they  could  be  consid- 
ered engineering  tools.  Hcwever,  the  work  did  lead  to  the  formulation  of  simpler  procedures  for  the  quan- 
titative assessment  of  different  impeller  design  standards.  The  work  was  also  extended  in  order  to  provide 
improved  correlations  for  use  in  axial  compressor  analysis  programs  employing  the  mul ti-streamtube,  stream- 
line curvature  analysis  method.  In  theory,  the  method  of  analysis  can  also  be  applied  to  turbine  blade 
rows. 


The  migration  of  boundary-layer  flows  across  streamlines  defined  by  the  core  flow  is  the  basic  prob- 
lem to  be  tackled  if  reliable  predictions  of  stages  in  detail  are  to  be  obtained.  There  would  appear  to 
be  two  distinct  levels  to  the  problem.  One  is  a redistribution  of  losses  under  the  influence  of  the  strong 
pressure  gradients  or  blade  rotation  forces  in  the  case  of  rotor  rows.  The  second  is  the  additive  loss  ef- 
fects which  will  occur  when  a net  influx  of  low-momentum  flow  to  a particular  region  causes  a flow  separa- 
tion. When  boundary-layer  separations  occur,  the  regions  of  separated  flow  act  to  limit  the  total  pressure 
loss  in  a blade  row  as  a whole.  Hence,  there  is  a limit  to  how  badly  any  blade  row  will  perform.  However, 
blade  rows  downstream  of  rows  in  which  there  are  significant  flow  separations  have  their  performances  ad- 
versely affected.  The  most  probable  explanation  of  why  significant  improvements  in  stage  performance  are 
achieved  when  a stator  blade  row  is  replaced  by  one  having  a very  small  decrease  in  row  loss  coefficient 
is  that  rotor  row  performance  is  strongly  dependent  on  the  time-varying  flow  conditions. 

It  would  be  a tremendous  achievement  if  the  analytical  methods  were  developed  to  the  point  that  all 
measurable  quantities  were  accurately  predicted  for  all  turbines.  I think  it  would  be  a more  significant 
achievement  if  methods  were  developed  to  the  point  that  design  alternatives  could  be  rapidly  evaluated  in 
the  process  of  selecting  a design  which  would  perform  predictably  well. 

If  the  objective  is  to  select  a design  which  will  perform  predictably  well,  it  is  only  necessary  to 
establish  -ichievable  levels  and  use  blade  analysis  procedures  which  identify  the  detailed  design  standard 

in  a semi-quantitative  manner,  I fail  to  see  the  value  of  an  analysis  procedure  which  will  accurately  re- 

produce the  performance  of  designs  in  which  basic  criteria  related  to  detailed  design  standards  have  not 
been  satisfied.  Much  can  be  made  of  the  analysis  of  the  complex  secondary  flows.  However,  a better  course 
of  action  would  be  to  reduce  the  significance  of  secondary  flows  by  careful  design  of  blade  sectiois  in 
order  to  control  the  growth  of  boundary  layers. 

In  the  absence  of  experimental  data,  most  analysis  methods  need  to  establish  flow  deviation*  from 
the  actual  blading  angles  and  loss  as  a function  of  over-all  operating  conditions.  It  is  interesting  to 
note  that  many  of  the  empirical  correlations  of  deviation  can  be  substantiated  by  potential  flow  analyses. 
It  is  also  possible  to  calculate  profile  losses  following  an  analysis  of  the  surface  velocity  and/or  pres- 
sure distributions.  If  turbines  were  to  perform  with  section  loss  levels  equal  to  those  predicted  from 
analyses  of  individual  profiles  (or  equal  to  those  measured  in  planar  cascade  tests),  operating  point  ef- 
ficiencies would  often  be  in  excess  of  95  per  cent  on  a total-to-total  pressure  ratio  basis.  Loss  and  de- 

viation correlations  for  use  in  the  analysis  of  designs  must  therefore  include  significant  "secondary" 
losses  and  deviations.  In  the  case  of  stators,  it  is  reasonable  to  assume  that  in  most  stages  there  is 
both  a redistribution  of  loss  and  additional  'osses  created  by  separation-inducing,  low-momentum  flow  mi- 
gration. In  the  case  of  rotors,  there  is  the  added  complexity  of  time  variations  of  inlet  flow  velocit, 
and  incidence  associated  with  the  mixture  of  high-  and  1 ow- moment urn  flows  from  upstream  rows.  I believe 
that  the  calculations  of  surface  velocity  distributions  for  selected  sections  of  a turbine's  blading  have 
become  routine  now  that  computer  programs  have  become  available.  However,  I am  not  aware  that  much  atten- 
tion is  being  paid  to  the  fact  that  all  but  the  first  row  of  a turbine's  blading  will  operate  with  wide 
variations  of  incidence  associated  with  core  and  wake  flows. 

Boundary- layer  characteristics  will  be  time  varying  for  all  rows  except  a first  stator.  The  time- 
averaged  loss  may  be  a simple  average  of  the  loss  versus  incidence  characteristic  for  the  appropriate  in- 
cidence variation  associated  with  the  wakes  from  jpstream  rows.  However,  it  is  easy  to  conceive  that  the 
effects  of  a local  high  incidence  would  persist  and  that  this  provides  the  explanation  of  the  strong  de- 
pendence of  rotor  row  performances  on  upstream  blade  row  performance. 

Earlier  I stated  that  empirical  correlations  for  deviation  could  be  substantiated  by  potential  flow 
analyses.  Accepting  this  to  be  a true  statement,  it  should  be  possible  to  predict  flow  deviations  for 
sections  consisting  of  both  the  geometric  blading  and  the  associated  boundary  Icyer.  Such,  procedures  are 
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not  currently  advocated,  however,  because  of  the  boundary-layer  m'gration  which  occurs  In  the  actual  stage 
environment.  Nevertheless,  if  the  analysis  of  a turbine  includes  a redistributi  .n  of  loss,  i*  would  be 
logical  to  develop  correlations  in  which  'oss  and  deviation  are  related.  In  essence,  an  effort  should  be 
made  to  relate  both  loss  and  deviation  to  the  boundary-layer  behavior  and,  hence,  to  the  actual  blading 
standard. 


SECONflARY  FLOWS 

Physical  models  of  the  flow  within  turbine  blade  rows  are  cons' ructed  with  relatively  little  effort 
if  the  modelling  remains  at  the  qualitative  level.  It  is  considerably  more  difficult  to  proceed  to  ? quan- 
titative modelling.  It  is  important  to  note  that  very  large  radial  forces  act  on  any  component  of  the  fiow 
within  a turbine. 

One  simplification  of  the  secondary  flow  problem  is  to  consider  the  boundary-layer  flow  as  having 
one  half  the  free  stream  velocity  adjacent  to  the  boundary  layer.  If  the  free  stream  is  in  radial  equili- 
brium, it  is  obvious  that  the  low-momentum  flow  will  follow  fiow  paths  which  diverge  significantly  from 
those  of  the  free  stream.  At  tne  end  walls,  there  will  he  large  forces  acting  in  the  circumferential  di- 
rection. 

Anyone  who  has  investigated  the  details  of  the  flow  downstream  of  stators  is  aware  that  high  losses 
are  measured  towards  the  hub  end,  in  particular,  at  the  junction  or  the  end  wall  and  the  suefon  surface. 
Anyone  who  has  traversed  the  exit  fiow  of  a turb:ne  stage  has  observed  regions  of  high  loss  which  are  dif- 
ficult to  relate  directly  co  flow  conditions  of  the  free  stream  at  the  corresponding  radial  location.  I 
think  it  is  impoitant  that  anyone  who  attempts  to  develop  correlations  for  use  in  turbine  design  and  analy- 
sis recognizes  the  boundary-layer  migration  problem. 

There  are  a variety  of  different  correlations  whicn  attempt  to  include  the  efiect  of  blade-row  aspect 
ratio  on  turbine  loss  and  flow  deviation.  It  is  quite  possible  that  each  cf  tne  alternatives  is  a valid 
correlation  for  a particular  series  of  turbines.  However,  aspect  ratio  is  just  one  of  the  parameze-s  in- 
fluencing the  loss  in  a blade  row.  Similarly,  there  used  to  be  differing  correlations  for  the  effect  of 
stage  hub-to-tip  diameter  ratio.  It  has  teen  expf rii*entEl  ly  shew-,  that  the  critical  aspect  ratio  for  11 
stator  row  differs  from  that  cf  a rotor  row.  (C. itical  in  the  above  sense  means  o value  at  which  blade- 
row  losses  oecome  significantly  greater  than  those  of  a high  aspect  ratio  aesign.)  Nonradial  stacking  of 
stator  blade  se. tions  is  known  to  affect  the  performance  of  a turbine.  From  the  above,  it  is  clear  that 
any  future  attests  to  provide  correlations  for  either  the  total  secondary  loss  in  blade  rews  or  the  re- 
distribution cf  1 -.sses  (to  be  used  in  the  analysis  of  flow  conditions  across  an  annulus)  should  recognize 
the  parameters  diiectly  affecting  boundary-layer  -.liqration.  NREC  has  developed  a migration  parameter  for 
use  in  axial  compri ssor  analyses,  and  it  should  be  possible  to  develop  an  equivalent  one  for  use  in  turbine 
analyses. 

I do  not  mean  to  discourage  efforts  to  develop  analytical  methods  of  treating  the  complex  viscous 
and  invlscld  flow  interactions.  Hcwevar,  I do  believe  that,  for  day-to-day  utilization  bv  engineers,  it 
will  be  necessary  to  simplify  the  represents  cion  of  olade-row  performances  through  the  development  of  em- 
pirical correlations.  Preferably,  these  correlations  will  be  based  on  the  assumption  that  the  detailed 
blading  can  be  categorized  as  wel 1 -designed. 


•i 

! 


BLADE  ROW  DESIGN 

If  it  is  ..ssumed  that  there  is  a large  ov-r-all  acceleration  of  the  velocity  for  all  biade  sections, 
there  will  be  litt!"  incentive  to  be  concerned  with  the  detailed  design  of  turbine  blading.  However,  theie 
are  considarable  advantages  associated  with  increasing  the  'ovding  of  turbine  stages.  As  loadings  increase, 
local  diffusion  rates  can  become  as  large  as  those  experienced  in  compressors.  Simple  considerations  of 
surface  velocity  distributions  or  pressure  di s' ribut ions  wil.  show  that  adverse  pressure  gradients  become 
more  likely  os  the  ratio  of  in!et-:o-exi t velocity  approaches  unity  or  attempts  are  ..iade  to  achieve  the 
required  momentum  transfer  in  lower  solidity  blading. 

Since  surface  distributions  are  Important,  NREC  has  taken  the  position  that  all  turbine  blading 
should  be  undertaken  using  the  direct-design  method.  Specifically,  we  chose  to  develop  the  Stanitz  method 
of  References  ; and  6.  It  is  a d'rect-desigr  method  in  that  .he  engineer  directly  controls  the  quantities 
of  interest.  The  engirter  selects  the  surface  Mach  number  distributions  and  attempts  to  satisfy  criteria 
with  respect  to  maximum  surface  Mach  numbers  and  loca  diffuslrn  races  while  satisfying  over-al!  mechanical 
constraints  arising  from  stress  and  manufacturing  considerations.  It  could  be  argued  that  the  actual  sur-- 
face  distributions  will  differ  from  those  assumed  at  the  design  stage  because  of  the  various  assumptions 
made.  However,  the  actual  flow  conditions  within  the  row  will  be  closely  related  to  those  assumed  in  the 
design  of  the  individual  sections  of  the  blading. 

The  use  of  ivell-d"  :gned  profiles  in  a blade  rou  decreases  the  importance  of  secondary  flows. 

Clearly,  the  less  low-momentum  flow  which  is  generated,  the  l6ss  is  the  significance  of  the  migration  of 
these  flews.  Neverthelef S,  there  will  be  boundary-layer  flow  migration,  end  there  is  no  reason  why  it 
should  not  be  taken  into  consideration  at  the  design  stage,  at  least  qual  i t.'tivel  v.  One  first  step  is  to 
consider  the  static  pressure  contours  for  a complete  su'face.  These  contours  can  be.  used  to  obtain  first 
estimates  of  both  the  rate  of  boundary-layer  growth  and  the  probable  direction  of  thp  boundary- layer  migra- 
tion. For  Stator  L'ades,  the  designer  has  su-c.  freedom  with  respect  to  the  stacking  of  the  blade  sections, 
and  this  freedom  should  be  used.  For  rotoi  blading,  the  highly  stressed  rows  cf  mos  aircraft  gas  turbines 
limit  the  freedom  to  stack  sections  in  order  to  meet  specific  ae-odynanic  requirements.  Ncve-thel ess , it 
is  usually  possible  to  redefine  blading  sections  in  order  t:>  improve  the  over-all  aerodynamic  performance 
•without  adversely  affecting  local  stresses. 

The  design  of  rotor  blading  ahoyla  consider  its  operating  environment.  Specifically,  it  should  rec- 
ognize the  fact  that  stator  wakes  will  he  present  in  the  inlet  relative  flow.  The  fact  that  most.  If  not 
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all,  design-point  selection  programs  list  single  variations  of  inlet  angle  and  inlet  velocity  or  Mach  num- 
ber with  radius  for  a design  point  tends  to  obscure  the  fact  that  the  rCor  will  be  required  to  operate 
with  a time-varying  inlet  flow.  The  actual  magnitude  of  the  variation  is  difficult  ..o  estimate.  The  decay 
of  wakes  is  a function  of  flow  distance  from  the  source  of  wakes  and  the  details  of  the  low-momentum  flow 
at  the  trailing  edge  of  the  upstream  row.  Nevertheless,  there  will  always  be  a component  of  the  flow  which 
is  at  a substantially  different  incidence  than  the  core  flow.  It  would,  therefore,  be  a mistake  to  oesign 
any  rotor  section  for  absolute  minimum  loss  at  one  particular  inlet  flow  condition. 

The  operating  range  requirement  cc  each  section  will  differ.  Velocity  triangle  data  of  the  conven- 
tional type  can  be  used  to  construct  vp'acity  triangle  data  for  'he  wake  flows  entering  the  rotor.  Obvi- 
ously, it  would  be  necessary  to  make  assumptions  with  respect  to  the  ratio  of  residua)  wake  velocity  and 
the  free  stream.  In  some  cases  it  might  not  be  possible  to  avoid  local  stalling  of  the  flow,  but  at  least 
the  engineer  should  be  prepared  to  make  some  compromises  in  selecting  a "nominal"  design-point  loading  in 
order  to  provide  some  margin  for  tho  actual  operating  conditions. 

Existing  analysis  procedures  can  oe  used  to  establish  surface  distribution  data  at  various  incidences 
and  at  inlet  velocity  levels.  It  would  be  useful  if  these  analyses  were  programmed  to  yieid  the  variations 
in  loading  associated  with  typical  core  ana  wake  f'ows.  Wakes  from  upstream  rows  are  known  to  play  an  im- 
portant part  in  the  excitation  of  vibrations  which  can  lead  to  fatigue  failures.  However,  the  energy  input 
for  a particular  vibration  mode  will  depend  strongly  on  the  rotor  blade's  response  to  the  time-varying  flow 
condi tions. 

In  the  case  of  aircraft  gas  turbines,  fatigue  failures  of  turbine  blading  are  new  rare  events.  How- 
ever, in  the  case  of  industrial  turbines  (both  gas  and  steam),  failures  excited  by  unsteady  aerodynamic 
forces  still  occur.  The  design  of  blading  to  avoid  all  possible  excitations  of  a large  number  of  natural 
frequencies  over  a wide  range  of  operating  conditions  and  speeds  is  a formidable  task.  At  this  time  it  is 
not  clear  whether  or  not  compromises  of  the  aerodynamic  design  standard  to  improve  mechanical  features  of 
a blade-row  design  is  the  correct  approach.  However,  one  thing  is  certain,  and  that  is  that  the  aero- 
dynamic and  mechanical  design  of  blading  should  be  closely  coordinated  and  not  treated  as  two  distinct  and 
separate  tasks. 


CONCLUDING  REMARKS 

I apologize  to  all  those  who  expect  to  see  complex  equations  and  derailed  results  of  analytical  cr 
experimental  investigations  in  a paper  of  this  type.  On  the  one  hand,  I believe  that  many  presentations 
of  turbine  calculation  procedures  have  tended  to  obscure  the  physics  of  the  problem  they  address.  On  the 
other  hand,  very  little  of  the  efforts  of  NREC  can  be  presented  in  the  open  literature;  an  overwhelming 
percentage  of  our  total  turbomachinery  effort  is  undertaken  for  specific  industrial  clients. 

The  state-of-the-art  of  turbine  technology  is  not  really  as  bad  as  I have  made  it  seem.  It  is  true 
that  the  analytical  treatment  of  the  turbine  design  and  analysis  problem  can  be  very  complex.  However,  I 
believe  that  the  acquisition  of  some  better  insights  into  the  physics  of  the  flow  should  be  the  principal 
objective  of  those  who  wish  to  further  develop  the  analytical  models.  I believe  that  much  of  the  work 
undertaken  in  the  past  fifteen  to  twenty  years  can  be  put  to  good  use.  ihe  ultimate  objective  is  to  put 
the  analytical  procedures  to  work  to  achieve  better  and  more  reliably  predicted  performances.  There  is 
little  point  in  spending  high-level  engineering  efforts  and  making  extensive  use  of  expensive  computers  if 
turbine  performances  do  not  change  or  if  existing  performance  levels  are  not  achieved  with  cheaper,  lighter, 
and  more  reliable  machinery. 
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Comments  by  H.Cox,  G.E.C.,  UK 

1 have  a number  of  points.  First  of  all,  you  said  that  you  thought  that  there  would  be  a correlation  between 
loss  and  deviation.  Do  >ou  mean  in  cascades?  To  my  knowledge,  there  is  no  such  thing.  You  have  a change  of  loss 
with  incidence  and  no  change  of  deviation.  We  have  tried  to  look  at  this  at  optimum  incidence  and  we  could  not  find 
any  correlation  between  minimum  loss  and  deviation.  Low  deviation  blades  can  have  high  losses  and  conversely  high 
deviation  blades  can  have  low  losses.  1 think  that  this  is  associated  with  deviation  being  composed  of  two  elements, 
one  associated  with  the  boundary  layer,  one  with  the  potential  flow.  To  do  what  you  suggest,  you  would  have  to 
split  the  deviation  into  its  two  constituent  parts. 

Authors’  response: 

I am  working  with  real  turbine  flow  and  1 do  not  think  that  cascades  have  anything  to  do  with  the  real  world. 
Anulus  cascades  are  not  really  the  kind  of  thing  we  are  worried  about,  but  the  real  flow.  If  our  turbines  would 
operate  with  the  cascade  loss,  their  efficiencies  would  be  up  in  the  95%.  What  1 meant  is  that  people  have  demon- 
strated that  the  empirical  correlation  were  developed  because  of  the  lack  of  computer,  not  because  people  did  not 
know  better. 

The  potential  flow  calculation  will  give  you  a potential  flow  deviation  and  a “potential  flow  losses”,  i.e.  blade 
pressure  distribution  that  you  can  use  to  calculate  boundary  layer  and  the  associated  loss.  And  there  is  a relationship 
between  velocity  and  loss.  That  I call  potential  flow  solution.  If  you  find  that  there  is  a loss  redistribution  to  a 
certain  area,  then  it  would  appear  that  at  that  station,  there  are  high  losses.  1 am  saying  that  the  deviations  which 
are  occurring  there  could  also  be  related  back  to  a potential  flow  solution.  The  potential  flow  solution  is  related  to 
the  blade  and  the  boundary  layer  around  the  blade. 

Comment 

Could  1 ask  another  question?  You  are  using  different  vortex  design,  you  are  saying  that  you  obtain  different 
efficiencies  according  to  the  design,  that  you  cannot  predict.  What  sort  of  errors  in  efficiency  are  you  talking  about? 

Authors’  response: 

Sometimes  three  points;  using  a conventional  loss  scheme.  This  is  important  if  you  are  between  88%  and  91%. 

We  are  trying  to  get  to  1%  in  efficiency. 

Comment  by  J.Railly,  University  of  Birmingham,  UK 

Regarding  the  difference  between  “potential”  end  real  deviation,  on  the  basis  of  calculation,  in  which  boundary 
layers  are  represented  by  sources,  the  eventual  difference  between  uncorrected  and  corrected  potential  solution  is 
very  tiny.  You  could  thus  expect,  for  attached  boundary  layer,  to  be  very  near  the  prediction  by  Martensen’s  method, 
for  instance. 

Authors’  resp''  se: 

I agree  rt  the  deviation  calculated  for  lightly-loaded,  well-designed  profiles  is  not  greatly  affected  by  considera- 
tion of  the  boundary  layer  and  the  trailing  edge  wake.  The  point  I was  trying  to  make  in  the  paper  was  that  boundary 
layers  and  boundary  layer  migration  effectively  redefine  the  boundaries  of  the  core  flow.  Hence,  there  should  be  a 
correlation  between  loss  and  deviation.  If  losses  are  redistributed,  flow  deviations  should  also  be  redistributed  with 
regions  of  high  loss  being  associated  with  high  deviation  values.  It  is  known  that  local  loss  coefficients  can  be  several 
times  larger  than  the  pure  profile  loss  for  the  section.  In  these  circumstances  there  is  no  reason  to  believe  that  the 
deviation  will  not  be  significantly  different  from  the  two-dimensional  “profile”  value.  What  is  significant  will  depend 
on  the  compressor  or  turbine  being  considered.  In  the  case  of  multi-stage  compressors,  very  small  changes  m the  deviations 
assigned  to  the  earlier  blade  rows  can  greatly  affect  the  predicted  performance  of  the  overall  machine.  In  highly  loaded, 
multi-stage  turbines  small  changes  in  deviation  will  significantly  affect  the  stage  work  splits. 


Comment  by  J. Dunham,  N.C-.T.E.,  UK 

I agree  that  the  radial  migration  of  losses  has  an  important  effect  on  loss  distribution.  But  this  migration 
occurs  mainly  in  the  trailing  edge  wake  region,  and  how  do  you  calculate  migration  of  low  energy  fluid  along  the 
trailing  edge? 

Authors’  response: 

' In  the  paper,  I was  primarily  concerned  with  boundary  layer  migration  within  a blade  row.  However,  since 

the  pressure  field  downstream  of  a blade  row  will  satisfy  the  radial  equilibrium  conditions  for  the  wakefree  flow,  it 
is  obvious  that  there  will  be  a radial  migration  of  low  momentum  flow  in  the  wake  region.  Although  1 have  not 
« attempted  any  calculations  of  the  migration  of  the  low  momentum  flow,  I am  reasonably  certain  that  the  problem 

; will  be  amenable  to  treatment  by  writing  and  solving  the  appropriate  equations  of  motion. 

J.  ‘ For  a given  radial  pressure  gradient  the  radius  of  curvature  of  the  low  velocity  flow  will  depend  on  the  velocity 

, i , level.  I expcc:  that  typical  flow  patterns  in  both  stator  and  rotor  blade  row  wakes  could  be  estimated  with  reasonable 

• % 1 accuracy  once  the  wake  flow  is  represented  bv  a scries  of  discrete  velocity  ievels. 

iff 

If  1 Comment  by  M.Denton,  C.E.G.B.,  UK 

, | I agree  with  your  statement  about  large  radial  migration.  I have  made  measurements  myself  showing  large 

movement  of  low  energy  flow  from  casing  to  hub.  However,  on  the  same  turbine,  the  agreement  between  measured 


4 


1 


3 


4 

J 

4 


i 

l 


i 

M 


9-7 


and  calculated  (by  through-flow)  data  was  very  good  indeed.  1 would  tend  to  conclude  that  the  effect  of  the  migra- 
tion on  the  through-flow,  on  the  mean  flow,  is  small.  Do  you  agree? 

Authors’  response: 

The  better  the  basic  blade  design,  the  smaller  the  migration  should  be.  I pointed  out  in  my  text,  that  the  emphasis 
should  be  on  keeping  the  low  momentum  flow  quantities  as  small  as  possible.  If  you  have  small  low  momentum  flows, 
you  have  small  secondary  flows.  Typically,  you  can  design  blading  where  there  is  no  deceleration  until  very  late  in  the 
blade.  The  boundary  layer  growth  on  the  blade  can  be  very  limited.  In  these  circumstances,  the  amount  of  flow  moved 
to  other  radius  is  small.  However,  1 still  see  that  bad  blade:,  are  being  put  into  turbines.  It  is  in  those  poorly  bladed 
turbines  that  the  migration  phenomenon  is  important.  In  a variety  of  applications,  it  is  sometimes  difficult  to  avoid 
migration.  For  instance,  in  very  small  turbines  where  you  have  manufacturing  constraints,  for  instance  where  one  cannot 
tolerate  chord  smaller  than  1/2  inch.  The  blades  have  then  a low  aspect  ratio.  A good  method  should  handle  this  as  well. 

Comments  by  H.Cox,  G.E.C.,  UK. 

What  makes  you  believe  that  the  difference  between  measured  and  calculated  efficiencies  is  due  to  migration,  and 
not  to  unsteady  effects? 

Authors’  response: 

In  the  rotor,  the  unsteady  effects  are  the  very  important  ones. 

Comment 

You  are  getting  now  to  small  effects  for  the  migration.  Let  us  say  that  on  your  3%  difference  in  efficiency,  1% 
is  due  to  unsteady  effects,  1%  to  turbulence  level,  that  leaves  you  only  1%  for  the  migration.  I am  speaking  for  small 
turbines,  presumably  in  large  machines,  there  is  a bigger  effect. 

Authors’  response: 

I did  not  want  to  blame  all  on  the  migration.  I just  wanted  to  point  out  that  one  has  to  consider  it  m tne 
correlations.  A lot  of  correlations  have  been  developed.  Some  still  subsist,  some  have  died  away.  They  took  an 
array  of  parameters  into  account.  They  were,  in  fact,  attempts  to  explain  a particular  series  of  results  which  is  a 
very  desirable  objective,  but  also  very  constraining.  II  you  decide  that  turbines  in  a particular  class  are  inefficient, 
because  of  previous  experience,  you  have  lost  the  game.  You  have  to  assume  that  you  can  make  the  migration  small. 

Comment 

In  fact,  we  have  published  a correlation  which  was  tested  on  a number  of  small  diameter  ratio  turbines.  Our 
original  intention  was  to  use  a fudge  factor  to  modify  the  calculation  to  suit  the  measured  data,  but  we  did  not  need 
it. 

Authors’  response: 

Our  objective  should  be  that  when  we  have  to  design  a turbine,  before  anyone  picks  up  a machine  tool,  we 
should  know  how  that  turbine  will  perform.  If  you  have  to  wait  until  you  try  to  line  uo  your  measurements  with 
your  model,  this  is  too  late.  If  you  arc  good  it  is  interesting.  If  it  is  bad,  you  have  to  modify  your  model.  If  you 
have  a bad  product  you  cannot  sell  it.  The  objective  of  the  theoretical  calculation  should  be  to  make  the  performance 
of  turbomachines  predictable. 
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COMPRESSOR  DESIGN  AND  EXPERIMENTAL  RESULTS  J 
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DFVLR-Insti tut  fur  Luftstrahlantriebe,  i 

Linder  Hohe,  5 Koln  90,  W. Germany  ) 


INTRODUCTION  3 

j 

After  the  first  day's  excellent  introduction  to  the  current  techniques  available  to  ] 

evaluate  the  axisymmetric  flow  field  in  turbomachines  at  design  and  off-design  conditions,  j 

the  second  day  of  the  meeting  was  concentrated  primarily  on  proving  these  calculation  j 

methods  by  comparing  the  results  with  corresponding  experimental  data  from  real  test  ma-  j 

chines.  In  preparing  this  part  of  the  meeting  the  program  committee  asked  for  appropriate  _ 

test  cases,  got  a limited  number  of  examples,  and  selected  finally  five  machines  - 2 tur-  1 

bines  and  3 compressors.  3 

I 

Prime  criteria  for  the  selection  were:  | 

5 

1.  The  comparison  should  cover  both  compressors  and  turbines,  single-stage  as  f 

well  as  multi-stage  machines.  f 

2.  The  flow  path  dimensions  should  be  such  that  the  effects  of  gap  flow  and  end  I 

wall  boundary  layers  are  always  present  but  not  dominant.  ! 

i 

3.  Complete  geometrical  data  and  appropriate  test  results  should  be  available.  < 

DESCRIPTION  OF  COMPRESSOR  TEST  CASES  I 

! 

* 

The  details  of  the  compressor  case'  - as  far  as  now  available  - are  included  in  the  j 

following  tables  and  diagrams.  Tab.l  r ,es  a survey  on  the  main  design  parameters  of  '• 

the  three  compressor  test  examples,  c .ignated  by  the  numbers  3 to  5.  | 

Test  Case  3 is  a single-stage  transonic  compressor  without  inlet  guide  vanes  in-  \ 

vestigated  at  DFVLR.  It  was  designed  for  a total  pressure  ratio  of  1.51  at  a mass  flow 
rate  of  17.3  kg/s  and  a tip  speed  of  425  m/s.  The  isentropic  efficiency  was  estimated  to 
be  about  80.5  %.  The  rotor  inlet  diameter  of  400  mm  was  prescribed  by  the  DFVLR  axial 
compressor  test  rig. 

T a b . 2 contains  additional  design  characteristics;  the  stage  pressure  ratio  of  1.51 
is  predicted  to  occur  at  a temperature  rise  of  15.4  % of  the  inlet  total  value,  MCA-pro- 
files  were  selected  for  the  rotor  blading  from  hub  to  tip.  NACA-65  profiles  with  a circu- 
lar arc  camber  line  were  used  throughout  the  stator  blade  height.  28  blades  with  a tip 
chord  length  of  about  60  mm  were  selected  for  the  rotor,  60  blades  for  the  stator  yiel- 
1 ding  uiual  blade  solidities  between  1.34  and  2.0  for  the  rotor  and  1.5  to  2.4  for  the 

j stator.  The  maximum  inlet  Machnumbers  to  rotor  and  stator  blading  reach  up  to  1.37  and 

1 0.76  respectively.  The  maximum  diffusion  factor  is  estimated  to  be  0.53  for  the  rotor 

1 and  0.48  for  the  stator.  Fig. 1(a)  demonstrates  the  compressor  annulus  geometry.  Pub  and 

! outer  wall  are  shaped  to  adapt  tne  flow  path  to  the  stage  pressure  rise,  to  achieve  nearly 

j constant  axial  velocity  over  the  annulus  height,  and  to  balance  rotor  end  stator  diffu- 

sion factors  properly.  (Due  to  contract  restrictions  detailed  geometric  data  of  this 
j machine  are  not  allowed  to  be  published.)  i 

\ Test  Case  4 (MTU,  Munich)  is  a 3-stage  transonic  compressor  without  inlet  guide 

‘ vanes,  too.  It  was  designed  for  a total  pressure  ratio  of  2.9  at  a corrected  mass  flow 

> of  61.7  kg/s  and  at  a tip  speed  of  470  m/s  of  the  first  rotor.  The  overall  isentropic 

efficiency  in  this  case  was  predicted  to  be  around  83  %. 

Tab. 3 offers  detailed  informations  on  the  design  characteristics  of  the  different 
* stages.  The  pressure  ratio  decreases  from  1.44  of  the  first  stage  to  1.4  of  the  last 

stage;  the  relative  temperature  rise  behaves  - as  expected  - similarly  to  the  pressure 
ratio  variation.  For  the  rotor  blades  special  wedge  type  and  DCA  profiles  are  selected 
to  achieve  the  design  flow  pattern.  The  stator  blades  consist  of  NACA-65  profiles  with 
circular  arc  camber  line.  Looking  at  the  Mach  numbers  it  becomes  evident,  that  all  three 
rotors  are  operating  at  transonic  inlet  velocities.  The  rotor  and  stator  blade  solidities 
are  choosen  such  that  the  diffusion  factors  are  kept  well  below  critical  values.  A 
detailed  description  of  this  compressor  is  given  in  Ref.(l).  Fig. 1(b)  shows  the  annulus 
geometry  of  this  compressor;  the  location  of  the  rotors  and  stators,  and  the  position  of 
the  instrumentation  planes  are  also  indicated.  Measurements  have  been  carried  out  upstream 
and  downstream  of  the  blade  rows  yielding  primarily  overall  performance  data  for  the 
comparison.  (Permission  of  publication  of  the  compressor  geometry  was  not  achieved.) 


Test  Case  5 (NGTE,  Pyestock)  is  a 4-stage  compressor  with  inlet  guide  vanes  which  was 
designed  for  an  overall  pressure  ratio  of  2.95  at  a mass  flow  of  24.1  kg/s.  The  tip  speed 
of  the  first  rotor  was  set  at  362  m/s.  The  isentropic  efficiency  was  estimated  to  reach 
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Stage  design  characteristics  as  pressure  ratio  and  temperature  rise  were  not  available 
when  preparing  Tab. 4.  The  average  pressure  ratio  of  1.31  is  evaluated  from  the  overall 
pressure  ratio  just  to  give  an  idea  of  the  energy  addition  within  the  stages.  All  rotors 
are  equipped  with  DCA-blades,  all  stators  with  NGTE-C4-prof i 1 es . The  relative  tip  Mach 
number  at  the  inlet  of  the  first  rctor  is  kept  relatively  low  at  1.22.  (All  other  data  in- 
cluding diffusion  factors  are  not  available.)  The  compressor  annulus  geometry  ( Fi g . 1 (c ) ) , 
the  4-stage  concept,  and  the  moderate  inlet  Mach  number  characterize  this  machine  as  a 
typical  JP  compressor  of  a modern  turbofan  engine  (s.Ref.(2)).  The  instrumentation  planes 
(Fig. 3)  were  located  such  to  provide  detailed  stage  element  performance  data. +1 

EXPERIMENTAL  RESULTS  - TEST  CASE  3 

The  single  stage  transonic  compressor  - Test  Case  3 - has  been  investigated  using  both 
conventional  and  far  advanced  measuring  technioues.  The  instrumentation  planes  just  up- 
stream and  downstream  of  the  stage  were  equipped  with  probe  rakes  or  radially  traversing 
probes  to  analyse  the  spanwise  distribution  of  the  total  pressure  and  temperature,  and  of 
the  flow  direction.  A liquid-filled  Pitot  probe  was  inserted  between  rotor  and  stator  to 
determine  well-defined  mean  total  pressures  in  the  strongly  fluctuating  discharge  flow  of 
i the  rotor..  The  inaccuracy  of  the  pressure  measurements  was  proved  to  be  about  0.5  % pri- 

; marily  due  to  the  inaccuracy  of  the  today  available  pressure  transducers;  the  error  of  the 

! temperature  measurements  was  estimated  not  to  exceed  ‘ialf  a degree. 

Additionally,  the  rotor  flow  field  (ahead,  within,  and  behind  the  blading)  was  studied 
in  great  detail  using  advanced  laser  velocimeter  (Ref. (3)).  These  tests  carried  out  at 
design  (20  260  rpm)  and  off-design  speeds  yielded  quite  complete  informations  o.i  the  span- 
and  gapwise  velocity  profiles,  on  the  3-dimensional  shock  waves,  on  the  flow  separations, 
and  on  the  blade  wakes. 

t The  overall  performance  of  this  compressor  is  shown  in  Fig. 2.  The  speed  lines  are 

quite  typical  of  a single  stage  transonic  compressor;  at  design  speed  a maximum  pressure 

ratio  of  1.65  and  a maximum  efficiency  of  85  t,  - based  on  temperature  rise  - are  achieved. 

There  is  a slight  increase  in  maximum  efficiency  from  85  to  100  % speed  due  to  long  term 
operation  at  ts5  % speed  associated  with  severe  rotor  and  stator  blade  contamination.  The 
tests  at  100  % speed  were  carried  out  with  the  compressor  cleaned  up. 

The  following  figures  (Fig. 3 to  7)  give  a survey  on  the  spanwise  distribution  behind 
rotor  and  stator  of  main  flow  parameters  as  total  pressure  ratio,  temperature  rise,  Mach 
I numbers,  the  absolute  flow  angles,  and  flow  losses.  The  experimental  data  shown  represents 

| the  flow  pattern  at  design  mass  flow  (17.3  kg/s)  and  at  maximum  efficiency  with  an  equi- 

l valent  mass  flow  of  16.8  kg/s.  The  relatively  uniform  stage  total  pressure  profile  satis- 

! fies  the  prime  design  requirement  of  a radially  constant  work  addition  within  the  stage. 

The  rotor  outlet  flow  angle  - and  in  consequence  the  temperature  rise-increases  near  hub 
and  outer  wall  which  is  also  a design  prospect  in  order  to  compensate  for  the  additional 
flow  losses  occuring  near  the  end  walls.  This  is  verified  experimentally  by  the  radia1 
distribution  of  rotor  and  stator  losses  shown  in  F i g . 7 . 

EXPERIMENTAL  RESULTS  - TEST  CASE  4 


i 

i 


As  already  mentioned,  in  Test  Case  4 - that  is  the  3-stage  transonic  compressor  - 
measurements  were  carried  out  primarily  at  compressor  inlet  and  outlet  using  ordinary 
total  pressure  and  temperature  rakes.  The  static  pressure  was  drawn  from  wall  tap  readings 
and  adapted  within  the  flow  by  fulfilling  the  radial  equilibrium.  The  accuracy  of  the 
pressure  and  temperature  measurement  can  be  assumed  to  be  the  same  as  in  Test  Case  3. 

Interstage  measurements  are  available,  however,  the  experimentator  hims»lf  believes 
the  results  being  not  as  confident  as  necessary  to  check  with  corresponding  calculated 
data.  Thus,  for  Test  Case  4 the  comparison  will  be  restricted  on  the  overall  performance 
which  is  shown  for  this  compressor  in  Fig. 8.  The  isentropic  efficiency  is  based  on  torque 
measurements  corrected  for  disc  ventilation  losses  nd  for  bearing  friction  losses. 

At  100  % speed  that  typical  straight  speed  line  is  observed  which  is  representative 
of  multi-stage  transonic  compressors.  The  pressure  ratio  exceeds  the  value  of  3 to  1 
whereas  the  maximum  isentropic  efficiency  reaches  up  to  about  84  %. 

EXPERIMENTAL  RESULTS  - TEST  CASE  5 

The  experiments  on  Test  Case  5 - the  4-stage  compressor  - were  carried  out  with  an 
inlet  spoiler  incorporated  to  simulate  a typical  fan  exit  pressure  profile  at  this  JP- 
compression-system  entrance.  The  inlet  total  pressure  was  taken  as  the  arithmetic  mean  of 
several  eight-point  Kiel  rakes  which  were  stationed  0.7  chords  upstream  of  the  rotor  1 
blade  leading  edge.  Four  half  shield  thermocouple  probes  located  far  upstream  of  the 
compressor  were  useu  to  determine  the  arithmetic  average  of  inlet  total  temperature.  The 
compressor  overall  performance  is  evaluated  from  arithmetic  means  of  outlet  total  pressure 
and  total  temperature  measured  by  Kiel  rakes  and  half  shield  thermocouple  probes  at  2.3 
and  5.5  chords  downstream  of  the  outlet  guide  vanes.  (For  further  details  - e.c.  citcum- 
ferential  probe  traversing  to  cover  IGV  and  OGV  wake  areas  - see  Ref. (2).) 

Constant  speed  characteristics  were  taken  at  several  speeds,  and  the  results  obtained 
are  partially  presented  in  Fig .9.  The  compressor  achieves  its  design  pressure  ratio,  but 

+ ^ The  geometric  data  of  this  compressor  are  summarized  in  the  appendix.. 
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jjf  Interstage  measurements  are  available  behind  each  rotor  of  this  compressor  yielding 

Si  informations  on  the  radial  profiles  of  total  pressure  and  temperature,  of  static  pressure, 

p,  and  of  flow  angle;  wedge  type  probes  and  single  half  shield  thermocouple  probes  we^e 

m\  thought  to  fulfill  all  these  functions  satisfactorily.  No  informations  are  available  on 

||  ' the  accuracy  of  the  pressure  measurements;  the  error  of  temperature  measurement  however 

K ■ is  believed  to  be  0.1  % of  the  actual  v. lue. 


The  experimentator  has  only  submitted  the  total  pressure  and  temperature  profiles  at 
the  outlet  of  each  rotor,  which  data  are  plotted  in  Fi g . 10  and  11. 

RESULTS  OF  LASER  VELOCIMETER  MEASUREMENTS  IN  TEST  CASE  3 

As  already  mentioned  a laser  velocimeter  - the  so-called  "Two-Focus  technique",  de- 
veloped here  at  DFVLR  {Ref. (3))  - was  applied  for  a detailed  study  of  the  transonic  flow 
field  within  the  rotor  of  this  single  stage  compressor.  For  these  mea  ,urements  in  fast 
moving  blade  rows  the  "Two-Focus  Velocimeter"  was  operated  as  a stroboscope.  Up  to  15 
circumferential  measuring  positions  over  one  blade  spacing  were  settled  in  each  measuring 
locus  designated  by  circular  symbols  in  F i g . 1 2 . This  diagram  demonstrates  furthermore  that 
measurements  could  be  performed  also  in  the  vicinity  of  the  hub  and  outer  casing  walls.. 

As  a few  examples  of  this  investigation  the  following  figures  (Fig. 13)  illustrate  the 
rotor  flow  field  at  three  different  blade  heights.  Lines  of  constant  relative  Marh  number 

- plotted  here  over  two  rotor  blade  chancels  - represent  the  flow  pattern  at  design  speed 

- 20  260  rpm  - and  maximum  efficiency,  fear  hub  a small  supersonic  flow  regime  appears 

- just  above  M = 1;  at  68  % blade  height  a typical  bow  shock  is  located  within  the  blade 
entrance  portion  turning  over  to  oblique  shocks  inside  and  outside  the  blades  at  89  % 
annulus  height.  All  data  gathered  up  to  now  yield  a quite  complete  picture  of  the  transo- 
nic rotor  flow  field,  including  3-d  shock  waves,  3-d  flow  effects,  blade  wakes  etc. 

These  few  examples  should  just  demonstrate  the  today's  experimental  capabilities.  The 
new  advanced  testing  techniques  give  us  great  chances  to  accomplish  our  theoretical 
compressor  flow  model  and  to  develop  more  realiable  hub-to-tip,  b I ade-to-bl ade  or  even 


3-d  calculation  methods. 
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APPENDIX: 


Geometric  Data  of  Test  Case  5 


Tab . 1.1:  Flow  Path  Geometry 


7. 

-546 

-351 

-160 

0 

42,3 

85,2 

124,5 

166,0 

204,3 

243,0 

RHub 

0 

194,3 

194,3 

194,3 

194,3 

194,3 

194,3 

194,3 

194,3 

194,3 

RTip 

396,1 

338,8 

284,0 

280,2 

273,3 

266,2 

261,5 

256,6 

252,0 

247,4 

Z 

282,5 

317,5 

350,0 

RHub 

194,3 

194,3 

194,3 

PTip 

243,9 

240,8 

240,8 

Tab. 

1.2: 

Location 

of  Instrumentation 

Z 

- 8 

47,9 

130,0 

209,4 

287,9 

330 

All  dimensions  in  mm,  z:  axial  coordinate 


Tab.  2.1: 

Profile 

Type  and 

Number  of 

Blades 

Stage  No. 

1 

1 

2 

2 

3 

Blade  Row 

IGV 

Rotor 

Stator 

Rotor 

Stator 

Rotor 

Prof.  Type 

C4 

DCA 

C4 

DCA 

C4 

DCA 

Number  of 
Blades 

26 

47 

80 

45 

74 

43 

Stage  No. 

3 

4 

4 

Blade  Row 

Stator 

Rotor 

OGV 

Prof.  Type 

C4 

DCA 

C4 

Number  of 
Blades 

70 

38 

72 

Tab. 2. 2 

Blade 

and  Cascade 

Data  (on  .sections  parallel  to  axis) 

Radius 

mm 

axial  Location  z 
Leading  Trailing 
Edge  Edge 

mm  mm 

Solidity 

Stagger 
Angle 
deg . 

Blade 

Inlet  Outlet 
Angle 
deg. 

max 

Thickness 
% chord 

Leading 
Edge 
Radius 
% chord 

Stage  No 

.:  1 

Blade  Row: 

IGV 

194,3 

-63,0 

-31,7 

0,667 

1,9 

0 

3,7 

7,0 

0,84 

o * c o 
*.  i -*  t u 

-65,6 

-29,0 

0.708 

3.9 

0 

7.8 

7,0 

0,84 

237,2 

-68,5 

-26,2 

0,755 

6,2 

0 

12,4 

7,0 

0,84 

258.7 

-71,4 

-23,3 

0,806 

8,6 

0 

17,2 

7,0 

0,84 

280,2 

-74,4 

-20,2 

0,868 

11,5 

0 

22,9 

7,0 

0,84 

Stage  No 

. : 1 

Slade  Row: 

Rotor 

194,3 

1,9 

41 ,0 

1 ,905 

37,8 

52,0 

23,5 

8,0 

0,48 

214,1 

3,2 

39,3 

1 ,686 

41,5 

51,4 

31,6 

6,5 

0,39 

233,8 

( 2 

38,0 

1,511 

44,4 

51,3 

37,5 

5,0 

0,30 

253,6 

4,9 

36,9 

1 ,370 

46,6 

51,9 

41,2 

4,0 

0,27 

273,3 

5,6 

36,0 

1,253 

48,4 

52,9 

43,8 

3,0 

0,27 

Stage  No 

.:  1 

Blade  Row: 

Stator 

194,3 

49,3 

79,9 

2,083 

15,7 

42,0 

-10,6 

5,0 

0,60 

212,3 

48,6 

80,0 

1,961 

15,8 

39,4 

- 8,1 

5,5 

0,66 

230,2 

47,9 

80,1 

1,852 

16,1 

38,4 

- 6,2 

6,0 

0,72 

248,2 

47,3 

80,0 

1,754 

16,9 

38,8 

-5,0 

6,5 

0,78 

266,2 

46,7 

79,9 

1 ,667 

17,9 

40,6 

- 4,8 

7,0 

0,84 

Stage  No 

.:  2 

Blade  Row: 

Rotor 

194,3 

87,2 

123,3 

1 ,733 

40,0 

54,5 

25,5 

8,0 

0,48 

211,1 

88,0 

121 ,8 

1 ,600 

44,3 

54,5 

25,5 

8,0 

0,48 

227,9 

88,7 

120,5 

1 ,484 

47,6 

54,4 

40,8 

5 ,0 

0,30 

244,7 

89,1 

119,5 

1,385 

50,1 

54,7 

45,5 

4,0 

0,27 

261,6 

89,3 

118,7 

1,299 

51,6 

55,1 

48,1 

3,0 

0,27 

Stage  No 

.:  2 

Blade  Row: 

Stator 

194,3 

131,3 

160,8 

1,852 

15,0 

40,0 

-10,0 

5,0 

0,60 

209,9 

130,7 

160,5 

1,731 

14,5 

38,0 

- 9,0 

5,5 

0,66 

225,5 

130,0 

160,1 

1 ,623 

14,1 

36,7 

- 8,6 

6,0 

0,72 

241,0 

129,3 

159,7 

1,531 

13,8 

36,3 

- 8,7 

6,5 

0,78 

256,6 

128,6 

159,3 

1 ,447 

13,2 

36,3 

- 9,9 

7,0 

0,84 

te  , f|d 

I s 


All  dimensions  in  nan  or  in  percent  chord  (as  max.  thickness,  leading  edge  radius). 
All  angles  in  axial  direction  and  with  resprect  to  compressor  axis. 
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T^,2‘2  Blade  and  Cascade  Data  (continued) 


axial  Location  z 

Radius  Leading  Trailing  Solidity 
Edge  Edge 

mm  nm 


Blade 

Stagger  Inlet  Ortlet  max. 

Angle  Angle  Thickness 

d69-  deg.  % chord 


Stage 

No.:,  3 

Blade  Row: 

Rotor 

194,3 

167,9 

203,1 

1,669 

42,0 

54,4 

29,5 

8,0 

0,48 

208,7 

168,3 

202,4 

1,587 

45,2 

54,7 

35,7 

6,7 

0,40 

223,1 

168,5 

201,7 

1,515 

47,5 

54,8 

40,1 

5,5 

0,33 

237,6 

168,7 

200,3 

1,451 

50,3 

56,2 

44,3 

4,2 

0,25 

252,0 

168,8 

200,2 

1,391 

52,0 

57,4 

46,6 

3,0 

0,25 

Stage  No. : 3 

Blade  Row: 

Stator 

194,3 

211,0 

238,0 

1 ,605 

15,2 

39,7 

-3,4 

5,0 

0,60 

207,6 

209,7 

238,9 

1,563 

14,3 

37,1 

-8,5 

5,5 

0,66 

220,9 

209,4 

238,6 

1,515 

14,1 

36,2 

"8,1 

6,o 

0,72 

234,1 

208,7 

238,9 

1,47b 

14,0 

36,4 

-8,5 

6,5 

0,78 

247,4 

208,0 

239,1 

1,439 

13,9 

37,3 

-9,6 

7,0 

0,84 

Stage  No. : 4 

Blade  Row: 

Rotor 

194,3 

245,0 

281 ,2 

1,542 

43,0 

55,5 

30,5 

8,0 

0,48 

206,7 

245,4 

280,7 

1,488 

46,0 

55,9 

36,1 

6,7 

0,40 

219,1 

245,6 

280,6 

1,437 

47,8 

56,2 

39,5 

5,5 

0,33 

231,5 

246,2 

280,0 

1,389 

50,6 

57,7 

43,5 

4,2 

0,24 

243,9 

246,7 

279,5 

1,346 

52,9 

59,1 

46,6 

3,0 

0,23 

Stage  No.:  4 

Blade  Row 

Stator 

194,3 

289,9 

315,6 

1,568 

14,8 

39,4 

-9,8 

5,0 

0,6 

205,9 

288,9 

315,7 

1,538 

14,4 

37,5 

-8,7 

5,5 

0,66 

217,5 

287,9 

315,7 

1,516 

14,5 

37,0 

-8,0 

6,0 

0,72 

229,2 

286,9 

315,8 

1,493 

14,6 

37,2 

-8,0 

6,5 

0,78 

240,8 

285,9 

315,8 

1 ,471 

14,8 

38,0 

-8,5 

7,0 

0,84 

All  dimensions  in  mm  or  in  percent  chord  (as  max.  thickness,  leading  edge  radius) 
All  angles  in  axial  direction  and  with  respect  to  compressor  axis. 


rfi] 


Mnii] 


Type  of  Machine 

Mass  Flow 

Dos’gn 
Press. Ratio*) 

Data 

Efflc. 

Tip  Speed 

-stage  trans. compressor 

17.3  kg/s 

1.51 

81  t 

425  m/s 

-stage  trans. compressor 

61.7  kg/s 

2.9 

83  t 

470  m/s 

-stage  trans. compressor 

24.1  kg/s 

2.95 

86  S 

362  m/s 

Pressure  Ratio 


Temperature  Rise 


Blade  Row 


umber  of  Blades 


Rotor 


0.154 


Stator 


Profile  Type 


iolidlty  hub 
tip 


ach  Number 


(max 


Hffuslon  Factor 
(max. ) 


1.34 


1.37 


NACA-65 


2.4 

1.52 


0.76 


0.53 


0.48 
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Tab. 3 Stage  design  data  of  the  3-stage  transonic  compressor  (MTU-Test  Case  4). 


Parameter 

Stage  1 

Stage  2 

Stage  3 

Pressure  Ratio 

1.444 

1.435 

1.402 

Temperature  Rise 

0.13 

■Ml 

0.12 

Blade  Rrw 

Rotor 

Stator 

Rotor 

Stator 

Rotor 

Sta  tor 

Number  of  Blades 

21 

29 

31 

53 

45 

41 

Profile  Type 

■ 

BH 

BH 

DCA 

Solidity  hub 

tip 

1.85 

0.90 

m 

1.96 

1.22 

2.00 

1.25 

m 

Mach  Number (1B#X  ) 

1.54 

0.71 

1.24 

0.78 

1.08 

0.67 

Diffusion  Factor 

0.47 



0.31 

0.42 

m 

0.47 

0.32 

TT 


Circular  Arc  Camber  Line 


Tab. 4 Stage  design  data  of  the  4-stage  transonic  compressor  (NGTE  - Test  Case  5). 


Parameter 

Stage  1 

Stage  2 

Stage  3 

Stage  4 

Pressure  Ratio 

1.31  (averac 

mOBBB 

:1o) 

Temperature  Rice 

■ 

Blade  Row 

1GV 

Rotor 

Stator 

ftv>  vO  r 

Stator 

Rotor 

Sta  tor 

Rotor 

OGV 

Number  of  Blades 

Zi 

m 

80 

46 

74 

43 

70 

38 

72 

Profile  Type 

. _ 

C4 1) 

OCA 

CAj) 

DCA 

C4n 

DCA 

C4 1 ) 

DCA 

C4D 

Solidity  hub 
tip 

0.67 

0.87 

m 

2.08 

1.67 

m 

m 

1.67 

1.39 

1.61 

1.44 

1.54 

1.35 

1.48 

1.47 

"achnunber 

(nax.) 

m 

1.22 

diffusion  Factor 

■ ...  ■-  J 

U 


Circular  Arc  Camberline 


Rjrtor  outlet 


. - S\-!P 
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S3 
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Uj 
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Ifl 

r4-U4 
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tJ 

Q 

Jr 

20  40  60  ao  100 

Percentage  annulus  height 

Stage  temperature  rise  and  meridional  Mach  number  at  rotor  inlet  versus  radius 
for  Test  Case  3. 


Test  Case  3 

Author: 

I 


speed  100  7# 
mass  flow:  - kg/s 


9 

E 0/ 

3 

C 


* Rotor  autiet 
-Qfa  i > 

■ <’  >V|--  » . i#  | > il  ' I 
04  i - !a8kg/s 


•Exp. 
x Calc. 


•5  0.3t — I — * — 

0 ' 0 ' 20  , 40  SO  80  1<S 

1 0,7 1 Stator  outlet  '~7~~\ 


S 0j6 
s. 

Ok 

0.4 


. 17-3  kgfe^;  ] 

Te'Okg/s 


0 20  40  60  80  100 

Percentage  annulus  height 


Meridional  Mach  number  at  rotor  and  stator  outlet  versus  radius  rjr  Test  Case  3 


Stator  outlft 


• ' m 


16,8  kg/s 


^ 17,3kgJ*^*/ 


40  <0 

T 1 

Ptrcertao*  Qnnglu*  htight 


Absolute  flow  angle  at  rotor  and  stator  outlet  versus  radius  for  Test  Case  3 


At;  their: 


, spted  . ; \QQV, 


. L-inuiu*  flow!  kyM 


in 


mm 


Pcre*ht«$#  ctrmulu*  b#igM 


Flow  losses  of  rotor  and  stator  versus  radius  for  Test  Case  3 
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COMPARISON  8ETWctN  THE  CALCULATED  AND  THE  EXPERIMENTAL  RESULTS 
OF  THE  COMPRESSOR  TEST  CASES 

by 

H.B.  Weyer 
and 

R.  Dunker 

DFVLR-Instltut  f Ur  Luftstrahlantriebe 
Linder  Hohe,  5 Kbln  90,  W. Germany 

About  forty  experts  originally  planned  to  contribute  to  this  AGARD-Speclal ists 
Meeting  by  carrying  out  calculations  en  the  five  test  machines.  Concerning  the  compressor 
cases  eight  authors  submitted  calculated  data  which  finally  could  be  compared  to  the 
corresponding  experimental  results.  The  names  of  those  few  experts  are  listed  below  in 
series  of  their  authors'  nutibtr: 


No. 2:,  Ch.HIrsch, 
No. 3:  F.  Farkas, 

No. 4:  B.  Hilvel , 

VI . Huck 

No. 6:  D.  Smith, 

No. 7:  R.  Dunker, 

No. 10:  E.  Benvenu 
No. 12:  J.  Fabri , 
No. 26:  E.  Macchi , 


Hirsch,  University  of  Brussels,  Belgium, 

Farkas,  BBC  (Brown,  Boverl  & Cie),  Baden,  Switzerland, 

Hilvel , 

Huck  University  of  Stuttgart,  Germany 

Smith,  National  Gasturoine  Establishment,  Pyestock/England , 

Dunker,  DFVLR-Ir.sti tut  f Ur  Luftstrahl antriebe , KSln,  Germany 

Benvenuti,  Ninvj>  Pignone,  Firenze,  Italy, 

Fabri,  O.N  E.R.A.,  Chati Hon-sous-Bagneux , France 

Macchi,  Poll  acn-lco  di  Milano,  Italy. 


Just  to  get  a quick  survey  the  following  $able  contains  some  rough  informations 
on  the  calculation  techniques  used  by  the  different  authors,  on  the  computers  available, 
and  on  the  computing  time  necessary  to  perform  the  data  of  one  compressor  operating  point. 
The  last  four  columns  present  some  fundamental  features  of  the  loss  prediction  methods 
used  with  the  calculation  techniques. 


Table:-  General  Informations  on  Calculation  Methods 


Author  Calculation  Method 

Computer 

Average  Co^p. 
Tine  p. Point 

Profila 

Shock 

Loss  Corre’ 
Separat 

a tier. 

Second . 

2 Finite  Elenent  Method 

- Through  Flow  - 

CDC  G 5 00 

3:70-300  sec 
4 : 

5:70-300  sec 

wi  th 
AVR 

yes 

no 

di s tri - 
buted 

3 Streamline  Curvature  Method 

- Duct  Flow  - 

IBM  370/158 

3: 

4:nax.l80  sec 
5:. 

with 

AVR 

yes 

yes 

di  S tr-|  - 
buted 

4 Streamline  Curvature  Method 

- Quct  Flow  - 

UNIVAC  t 108 

3:-  6 sec 

4:-  15  sec 

5:  37  sec 

wi  th 
AVR 

yes 

no 

distri- 

buted 

6 Streamline  Curvature  Method 

- Ouct  Flow  - 

3: 
4:  .. 
5: 

yes 

yes 

no 

di stri - 
buted 

7 Matrix  Method 

- Through  Flow  - 

TR  440 

3:120-300  sec 
4:120-300  sec 
5: 

wi  thout 
AVR 

yes 

no 

uniform 

10  Streamline  Curvature  Method 

- ? - 

IBM  370/400 

3: 

4:100  sec 
5: 

with 

AVR 

yes 

no 

distri - 
buted 

12  Simple  Radial  Equilibrium 

26  Streamline  Curvature  Method  3: 

- Duct  Flow  - UNIVAC  1 108  4: 

S;  20  sec 


without  no 


no  uniform 
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Additional  informations  on  the  various  flow  calculation  procedures  may  be  obtained 
from  comments  and  presentations  of  the  users  included  at  the  end  of  this  paper. 

Presenting  the  comparison  between  the  calculated  and  experimental  results  of  the 
compressor  test  examples  the  authors  of  this  paper  will  restrict  themselves  to  submit 
the  facts  not  to  try  an  interpretation  which  will  be  imperfect  due  to  the  abundance  of 
material  and  to  certain  lack  of  detailed  informations.  However,  the  series  of  the  succee- 
ding figures  seems  to  be  weJ 1 appropriate  to  check  the  accuracy  and  reliability  of  the 
today's  calculation  methods.  This  is  especially  true  because  the  authors  of  calculations 
did  not  have  the  experimental  results  available  when  carrying  out  their  computations. 

Test  Case  3 - the  single-stage  transonic  compressor  - has  been  investigated  by  the 
authors  2,  4,  6,  7,  and  12.  cig.la  to  d.  present  the  calculated  overall  performance  data 
compared  to  the  experimental  results.  The  blade  element  performance  for  test  case  3 at 
design  speed  (20  260  rpm)  and  at  a mass  flow  of  17.3  kg/s  is  shown  in  Fig. 2 - 6: 

the  total  pressure  ratio  at  rotor  and  stator  outlet  in  Fig. 2a  - e, 

the  stage  temperature  rise  and  the  meridional  Machnumber  at  rotor  inlet  in  Fig. 3a  - e; 

the  meridional  Machnumber  at  rotor  and  stator  outlet  in  Fig. 4a  - e; 

the  absolute  flow  angle  at  rotor  and  stator  outlet  in  Fig. 5a  - e; 

the  rotor  and  stator  flow  losses  in  Fig. 6a  - at. 

The  corresponding  data  for  the  maximum  efficiency  point  at  design  speed  (mass  flow: 
16.8  kg/s)  are  presented  analogously  in  Fio.7  to  11  (exc.  author  2).; 

Test  Case  4 - the  3-stage  transonic  compressor  - has  been  considered  by  the  authors 
3,  4,  7,  and  10.  As  already  outlined  in  paper  10  of  this  issue  the  results  of  the  inter- 
stage measurements  ir  this  comoressor  are  believed  being  not  sufficiently  accurate  to  be 
included  into  the  comparison;  thus,  the  comparison  encloses  only  the  overall  performance 
data  which  are  shown  - for  the  different  authors  - in  Fig. 12a  to  d. 

Test  Case  5 - the  4-stage  compressor  - has  been  treated  by  the  authors  2,  4,  and  26. 
Fig.  13a  to  c illustrates  the  results  of  the  theoretical  and  experimental  investigation 
of  this  compressor's  overall  performance.  Detailed  through-flow  calculations  were  origi- 
nally required  to  be  done  at  mass  flows  of  24.6  and  24.4  kg/s  on  the  100  % speed  line; 
however,  the  experimental  results  of  the  interstage  flow  traverses  are  only  available 
at  24.6  kg/s  with  a corresponding  overall  pressure  ratio  of  2.5.  The  calculations  yielded 
much  higher  pressure  ratios,  such  that  the  comparison  between  the  calculated  and  the  ex- 
perimental results  becomes  ineffective.  In  this  case,  a true  comparison  requires  the 
pressure  ratio  not  the  mass  flow  as  an  input  data  for  the  flow  calculations. 

CONCLUSIONS 

Although  limited  in  many  aspects  the  comparison  between  the  compressor  experiments 
and  theory  allows  to  make  some  principal  statements.  For  the  calculation  of  the  compres- 
sor's overall  performance  the  experts  have  used  one-dimensional  techniques  as  well  as 
duct  flow  and  through  flow  methods.  No  characteristic  differences  encounter  from  the  va- 
rious methods  indicating  that  a severe  effect  of  a more  or  less  complete  physical  flow 
model  does  not  exist.  The  deviations  as  far  as  observed  with  respect  to  the  experiments 
are  primarily  due  to  the  inaccuracy  of  the  flow  loss  and  flow  turning  predictions,  parti- 
cularly at  off-design  operating  conditions. 

The  duct-flow  and  through-flow  calculation  techniques  were  mainly  utilized  to  compute 
in  detail  the  compressor  internal  flow.  Streamline  curvature,  matrix,  and  finite  element 
methods  theieby  served  as  numerical  procedures  to  resolve  the  flow  equations.  Concerning 
the  flow  parameters  calculated  outside  of  the  blade  rows  no  evident  superiority  was  ob- 
served for  any  method  even  for  the  through-flow  techniques  although  their  physical  back- 
ground seems  to  be  more  accomplished  taking  for  instance  into  account  the  effects  of 
blade  thickness,  blade  turning,  a.s.o. 

Discrepancies  to  the  experimental  results  (test  case  3)  are  believed  being  caused  by 
an  inaccurate  loss  prediction,  by  an  inexact  estimation  of  the  wall  boundary-layer  block- 
age, and  by  3-dimensional  flow  effects  which  are  not  accounted  for  in  the  2-dimensional 
calculation  techniques. 

Inside  the  blade  rows  great  discrepancies  between  laser  experiments  and  corresponding 
through-flow  calculations  were  observed  for  test  case3  arising  to  the  basic  question  how 
to  define  equivalent  mean  stream  surfaces  for  calculations,  and  how  to  distribute  flow 
losses  and  turning  within  the  blade  channels.  This  subject  is  described  in  more  detail  by 
R.,  Ounker  in  his  succeeding  comments. 


||:j  COMMENTS  OF  AUTHORS  OF  CALCULATION 
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Author:  3;  F.  Farkas,  BBC.  Baden 

I would  like  to  give  you  a short  comment  on  oor  calculation  technique  for  the  test  case 


Here  you  see  again  the  plotted  flow  path,  which  was  shown  already  by  Dr.  Weyer  In  the 
Introduction . I want  to  call  your  attention  to  some  further  detail  which  were  not  yet 
mentioned.  Please  nite  the  very  high  specific  mass  flow  of  that  compressor.  It  is  ancen- 
glneerlng  work  of  very  high  standard.  If  It  were  scaled  up  for  3000  rpm,  the  correspon- 
ding mass  flowwwould  be  aboot  1150  kg/s.  That  is  an  extremely  high  figure,  about  3 ti- 
mes higher  than  corresponding  values  for  industrial  gas  turbine  Compressors  usually  are. 

All  3 stages  are  transonic. 

The  calculation  was  performed  by  mean  of  a stream  line  curvature  type  computer  system. 

The  correlations  for  loss  and  deviation  take  Into  account  the  following  parameters:  bla- 
de element  geometry,  load,  relatlv  Inlet  Mach  number,  axial  velocity  density  ratio,  cri- 
tical throat  area,  actual  throat  area  and  incidence,  Reynolds  number,  surface  roughness 
of  the  aerofoil,  radial  clearances,  secondary  and  end  wall  losses.  As  an  example  you  see 
a typical  efficiency  distribution  along  the  first  stage  rotor  blade  height.  The  effici- 
ency Is  high  In  the  middle  part  and  has  a decreasing  character  near  hub  and  tip. 

Starting  the  calculation,  we  experienced  same  choked  areas  In  the  1st,  2nd  and  3rd 
rotor,  and  2nd  stator.  Due  to  this  ehoklng  In  the  1st  rotor,  the  original  MASS  FLOW 
without  choking  criteria  had  to  be  reduced  by  about  3 X.  For  the  same  reason  losses  were 
to  adjust  as  well.  The  resulted  mass  flow  we  got  at  the  end,  as  you  see,  is  In  rather 
good  agreement  (1  X)  with  the  experimental  value  at  design  speed  and  pressare  ratio. 

Concerning  the  LOSSES,  the  next  thing  was  to  investigate  how  our  correlation  system 
could  be  applied  for  the  test  case  given.  We  had  to  look  if  we  could  find  a reference 
point,  where  this  comppessor  would  look  similar  as  one  can  be  handled  by  our  program, 
that  means,  would  have  similar  minimum  throataaeea  and  Incidence.  We  succeeded,  and  the 
entire  calculation  was  built  upon  this  reference  point.  The  losses  and  deviations  were 
changed  for  the  off-design  calculation  always  In  respect  to  this  reference  point.  The 
performance  map  generated  1e  this  manner  is  again  In  resonable  agreement  with  the  expe- 
rimental data. 

The  SURGE  LINE  calculation  for  100  X speed,  here  the  rear  stage  is  supposed  to  be  res- 
Kons1ble  for  surge,  was  based  on  the  lift  coefficient.  The  point.  In  which  the  lift 
coefficient  achlves  Its  maximum,  was  marked  as  surge  or  near  surge  point.  At  part  speeds, 

where  the  first  highly  transonic  stage  Is  going  to  cause  stall,  we  Tooled  for  the  equi- 
valent diffusion  factors  and  for  the  change  of  choke  margins.  As  a result,  the  stall 

line  prediction  turned  out  to  be  satisfactory,  about  3 X accurate  eompared  with  the  test 

results. 


Author:  4;  B.  HUvel , W.  Huck,  Uni.  Stuttgart 


1.  CALCULATION  METHOD 

The  two-dimensional  calculation  method  Is  an  axlsymmetric  "Streamline  Curvature 
Duct-Flow"  method  ( see  Ref.  1).  The  plane,  where  the  computation  takes  place.  Is  the 
meridional  plane  formed  by  the  radius-vector  and  the  axis  of  the  compressor .By  dividing 
the  total  mass  flow  In  equal  parts  between  the  blade-rows,  working  points  or  points  of 
the  sreamllnes  are  defined.  In  this  points  the  flow  is  computable  by  full  filling  the 
r-component  of  the  EULERIAN  equation  of  motion  or  in  other  words  the  radial  equilibrium 
equation.  For  this  the  radius  of  curvature  of  the  meridional  section  of  a streamline 
must  be  known.  This  radius  of  curvature  Is  determined  by  a spline-fi nction. 

2.  eOSS  AND  FLOW  ANGLE  CORRELATION 
2.1  LOSSES 


H- 


B5 


we 


2.1.1  Subsonic  Losses 

The  cascade  loss  t Is  defined  by  the  following  equation: 

C po,Fl-F2-F3*S  sec),f  (AVR) 

C Is  calculated  by  the  Llebleln's  profile  loss  correlation  (Incompressible).  The  fac- 
tor°F.  stands  for  the  Influence  of  Incidence,  F-  for  the  influence  of  compressibility, 
and  Fi  for  the  Reynolds  number  Influence.  As  described  by  W0LF£,  the  secondary-loss- 
coefficient  Is  dependent  on  the  averaged  blade  loading.  With  a chosen  function  this  loss 
coefficient  Is  distributed  along  the  blade-height. 

Finally  the  cascade-loss-coefficient  Is  corrected  by a function  of  the  axial  velocity  ra- 
tl0  (AVR) 


2.1.2.  Transonic  losses 

The  cascade  loss  c is  defined  b> 


?=(cpo,  trans  -F2-F3* 4 sec+ 4 shock) -f (AVR) - 

The  profile  loss  c po>trans  is  determined  by  SWAN's  method  3).  The  factor  F2,  F3  and 
and  $ secaare  identical  In  the  subsonic  values.  The  method  of  LEWIS,  MILLER  and  HART- 
mAnn4)  is  used  to  calculate  the  shock  loss  x,  shock- 

The  correction  of  the  transonic  cascade-loss-coefficient  by  the  function  of  the  AVR  is 
identical  in  the  subsonic  correction. 

2.2  Flow  Angles 

To  determine  the  deflection  Ap,  it  is  necessary  to  know  the  nominal  angles  andp^. 

For  this  correlationsof  CARTER  and  HOWELL  are  applied  (nominal  deviatiio  ).  The  deflec- 
tion itself  is  calculated  by  HOWELL's  method  with  respect  to  the  incidence,  the  Mach 
number  and  the  Reynolds  number. 

3. COMPRESSOR  INLET  COMPUTATION 

In  oder  to  apply  the  calculation  method  desribed  in  section  i the  inlet  Is  divided  in 
10  to  20  "fictitious''  cascades  without  deflection.  The  anullus  wall  boundary  layers  and 
flow  losses  are  included  In  the  computation.  The  flow  data  behind  the  last  "fictitious" 
cascade  are  the  inlet  data  of  the  first  cascade  of  the  compressor. 
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The  NGTE  predictions  were  done  using  a streamline  curvature,  duct-flow  program,  with  cor- 
relations to  provide  information  on  the  S,  surfaces.  In  our  experience  this  method  is 
best  suited  to  well  matched  points  on  the  compressor  characteristics,  and  so  we  use  a 
one-dimensional  program  for  predictions  of  the  overall  characteristics.  Therefore,  the 
correlations  do  not  include  corrections  for  off-design  conditions. 

The  annulus  blockage  was  assumed  to  be  0.99  at  inlet  to  the  first  blade  row  and  to 
decrease  by  half  a per  cent  with  each  further  blade  row.  This  was  allowed  for  by  calcu- 
lating an  effective  flow  annulus  Inside  the  metal  annulus,  such  that  the  hub  displace- 
ment thickness  was  half  that  at  the  outer  casing.  If  necessary,  further  small  changes 
were  made  to  this  flow  annulus  to  smooth  out  regions  of  high  curvature.  For  the  single 
stage  fan  test  case  (test  case  3)  radial  calculating  planes  were  placed  at  the  leading 
and  trailing  edges  of  each  blade  row,  and  a further  5 planes  were  used  both  upstream 
and  downsream  of  the  blade  rows.  Five  equispaced  grid  points  were  taken  on  each  radial 
line. 

The  Howell  correlation  was  used  to  calculate  blade  deviation  with  an  additional  term 
to  allow  for  axial  velocity  ratio. 

The  rotor  loss  coefficient  was  found  from  an  NGTE  correlation  with  diffusion  factor 
and  percentage  blade  height,  with  a shock  loss  component  depending  on  the  inlet  Mach 
number. 
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The  stator  loss  coefficient  was  calculated  as  the  sum  or  factors  to  allow  for  profile, 
secondary  and  annulus  wall  losses.  The  secondary  and  annulus  wall  losses  were  uniformly 
distributed  over  the  annulus  height. 
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The  through-flow  calculation  technique  - based  on  the  matrix  methbd  - that  has  been  used 
at  DFVLR  to  compute  the  compressor  flow  is  treated  in  detail  by  Prof.  Marsh  and  Dr.  Davis 
during  this  meeting.  Thus  the  following  comments  are  primarily  concerned  with  the 
comparison  between  the  calculated  rotor  flow  data  of  test  case  3 and  the  corresponding 
experimental  results  of  laser  velodmetry.Flow  data  taken  outside  of  the  blade  rows  by 
conventional  probes  are  included  just  at  an  additional  information. 

In  Fig.  14  the  compressor  flowpath  is  shown.  Indicated  are  also  - by  the  circular 
symbols  - the  radial  and  axial  positions  of  the  optical  measurements.  At  each  point  up 
to  15  distinct  measuring  positions  were  realized  over  one  blade  spacing. 

The  calculations  as  well  as  the  measurements  were  performed  at  design  speed  and  a 
mass  flow  of  16.8  kg/s. 

Fig.  15  represents  the  calculated  results  and  the  experiments  in  plane  3 far  upstream 
of  the  rotor;  the  meridional  Machnumber  Ma  is  plotted  against  the  relative  annulus 
height. The  results  are  in  quite  good  agreement. 

It  should  be  clearly  emphasized  at  this  point  that  the  data  calculated  with  the 
through-flow-method  represents  results,  which  are  only  valid  on  the  meridional  mean 
streemsurface  S2m  and  which  are  not  representative  in  circumferential  direction. The  ex- 
perimental data  determined  by  conventional  measuring  technique  are  averaged  values  over 
a blade  pitch  considering  the  rotating  system,  whereas  the  optical  measurements  yield 
distinct  local  results  in  this  sense. 

Proceeding  nearer  to  the  rotor-blade-row, for  the  experiments  as  well  as  for  the  cal- 
culations an  influence  of  the  blades  on  the  upstream  flow  conditions  can  be  observed 
in  addition  to  the  influence  of  the  annulus  contraction. 

At  the  same  time  the  differences  between  the  experimental  results  and  those  calculated 
with  the  through-f lowTmethod  become  jreater.  Looking  at  the  quite  good  agreement  of  the 
duct-flow-calculations  with  the  experimental  results  conventionally  measured,  near  the 
rotor  leading  ddge,  some  calculations  were  performed  with  the  matrly-program  assduct* 
flow-computations.  The  radial  distribution  of  these  results  agreed  quite  well  with  those 
measured  by  probes  and  calculated  by  real  duct-flow-programs. 

The  flow-turning  -,  loss  - distribution  and  the  positioning  of  the  calculation  planes 
inside  the  rotor  certainly  ha«e  a severe  influende  on  the  upstream  flow  conditions  in 
the  through-flow-calculation. 

For  the  matrix-method  it  is  a condition  sine  qua  non  that  the  relative  Machnumber  at  the 
first  aalculation  plane  within  the  rotor  must  be  less  unity.  Even  though  this  is  atten- 
ded, however  a numerical  influence  of  the  spreading  of  the  calculation  planes  remains 
including  the  loss  distribution.  In  the  following  it  snail  be  tried  to  give  some  hints, 
why  this  influence  may  occur. 

Fig.  16  shows  lines  of  constant  relative  Machnumber  throughout  two  rotor-blade-chan- 
nels along  streamsurface  of  revolution  2 (s.  fig. 1 } . Streamsurface  2 lies  at  nearly  18S 
blade  height. The  lines  are  constructed  with  the  results  of  the  optical  measurements.  The 
relative  inflow  Machnumber  is  subsonic.  Remarkable  is  the  supersonic  bubble  on  the  suc- 
tion side  hear  the  blade  leading  edge. 

In  Eig.  17  the  relative  Machnumber  is  plotted  against  the  blade  pitch  for  streamsur- 
face 2 in  measuring  plane  6,  which  lies  upstream  of  the  rotor.  The  amount  of  the  relati- 
ve Machnumber  determined  by  conventional  measuring  technique  as  well  as  the  calculated 
one  agree  rather  well  with  the  mean  value  of  the  laser-measurements. 

In  Fig.  18  the  relative  Machnumber  distribution  is  shown  within  the  rotor  at  nlane  11. 
Comparing  the  result  of  the  calculation  and  the  distribution  measured  with  the  laseerve- 
locimeter  an  evident  discrepancy  can  be  observed. 

Fig.  19  demonstrates  the  relative  Machnumber  against  one  blade  pitch  downstream  of 
the  rotor  in  plane  16.  A small  difference  can  be  realized  between  the  conventionally 
measured  result  and  the  calculated  one.  This  difference  may  result  out  of  a wrong  eva- 
luation of  the  deviation  at  this  blade  hetgit.  However  both  values  agree  tendentiously 
with  the  averaged  one  of  the  optical  measurements. 

The  following  figures  represent  some  experimental  and  calculated  results  along  stream- 
surface  of  revolution  8 for  further  comparisons.  Streamline  8 lies  at  89S  blade  height 
near  the  blade  tip.  Here  the  upstream  relative  flow  condition  is  supersonic. 

Fig.  20  shows  constant  relative  Machnumber  lines  throughout  two  blade-channels.  The 
shock-position  can  be  clearly  identified.  The  oblique  shock  within  the  blade-channel 
implgnes  on  the  neighbouring  blade  at  nearly  80S  of  the  blade  chord.  It  is  remarkable 
that  the  deceleration  from  supersonic  to  subsonic  velocities  gradually  tales  place  over 
a greater  distance  of  the  blade  channel. 
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In  Fig.  21  the  relative  Machnumber  Is  plotted  against  one  blade  pitch  In  jklane  6.  The 
variation  of  the  relative  Machnumber  measured  with  the  laser-veloclmeter  In  circumfe- 
rential direction  Is  small.  The  conventionally  measured  amount  agrees  quite  well  with 
the  distribution  determined  by  the  optical  measurements,  whereas  the  calculated  relative 
Machnutober  Is  a little  .it  higher. 

Proceeding  Inside  the  rotor  to  plane  11  Fig.  22  represents  the  result  of  the  calcu- 
lation and  the  Interpretation  of  the  7o?!er-veloc1metry-  Remarkable  Is  the  low  relative 
Machnumber  determined  by  the  calculation  cu  the  mean  streamsurface  S2rr.  compared  with  the 
distribution  of  the  experimental  results. 

Fig.  23  Illustrates  the  relative  Machnumber  against  one  blade  pitch  In  plane  16. 

Again  the  result  of  the  conventional  measurement  Is  in  quite  good  agreement  with  the 
optically  determined  distribution.  Striking  Is  the  relative  small  difference  between 
these  and  the  amount  of  the  relative  Machnumber  calculated  by  the  matrix-program  In  this 
point  in  contrast  to  the  results  In  plane  11. 

Summerizing  It  is  remarkable  that  a relative  good  agreement  exists  upstream  and 
downstream  of  the  rotor-blade-row  between  the  calculated  data  and  those  measured,  where- 
as within  the  blade  row  from  hub  to  tip  a significant  discrepancy  can  be  observed  bet- 
ween the  calculated  values  and  the  relative  Machnumber  distributions  measured  with  the 
laser-velocimeter.  In  particular  In  the  blade  tip  region,  where  subsonic  as  well  as  su- 
personic regions  are  existing  over  the  blade  spacing  caused  by  the  shock  system. 

One  has  to  ask  whether  cr  to  what  extent  the  calculated  flow  conditions  on  the  mean 
streamsurface  S2m  can  represent  the  real  flow  conditions  within  the  rotor.  Secondly  the 
question  arises,  what  Is  the  correct  mean  value  or  how  it  can  be  determined  at  all, if  sub 
and  supersonic  regions  exist  Inside  the  blade-channel.  Another  question  is,  whether  It 
Is  possible  to  determine  the  real  three-dimenc ional  flow  through  turbomachines,  inside 
the  blade  rows  Included,  by  two-  or  quasi  - three  dimensional  calculation  methods. 

On  the  other  hand  there  exists  the  question,  whether  through-flow-methods  are  needed  to 
calculate  the  performance  of  compressors,  or  If  duct-flow  or  even  simpler  methods  give 
sufficient  answers  for  that  purpose  with  the  empirical  l-'ss  models  Incorporated. 

It  has  not  been  the  Intention  of  this  presentation  to  give  decided  explanations,  but 
to  present  some  Interesting  results  and  hence  resulting  questions. 
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1.  METHOD  OF  FLOW  - ANALYSE 

The  calculations  were  performed  using  a computer  program  able  to  compute  all  the  condi- 
tions within  an  axeymmetric,  annular  flow-field.  The  fluid  Is  assumed  to  be  an  ideal 
gas,  and  a variation  of  specific  heat  with  temperature  is  accounted  for.  It  Is  assumed 
that  there  is  no  transfer  of  mass,  momentum,  or  energy  across  streamlines  In  tbe  flow. 
Conditions  are  evaluated  at  a series  of  "computing  stations"  spaced  axially  in  the  flow- 
the  locli  of  a number  of  sreamlines  disposed  radially  in  the  flow  are  sought  by  the  pro- 
gram, and  the  Intersection  of  the  streamlines  with  the  stations  forms  the  finite-diffe- 
rence mesh  used  In  the  calculation  scheme. 

At  each  computing  station,  full  radial  equilibrium  is  considered,  accounting  for  enthalpy 
and  entropy  gradients  along  the  radius,  as  well  as  the  effect  of  the  streamline  curva- 
ture and  slope. 

The  streamliBe  locations  at  the  calculation  stations  are  found  by  means  of  relaxation 
procedure;  the  convergence  criterion  is  based  on  the  comparison  between  the  mass  flow 
obtained  by  integration  of  the  velocities  and  fluid  densities  along  a computing  station 
and  the  input  mass  flow. 

2.  CALCULATION  OF  CASCADE  PERFORMANCE 

The  computer  program  has  several  options  incorporated  for  calculating  losses  and  devia- 
tions along  the  streamlines  between  the  leading  and  the  trailing  edges  of  each  blade 
row.  Some  of  these  options  incorporate  proprietory  dial  coming  from  the  Company's  expe- 
rience, and  therefore  they  could  not  be  used  for  the  present  demontrative  calculations. 
Therefore,  the  option  incorporating  the  NASA  correlations  described  in  Ref.  1 for  cal- 
culating profile  losses  and  deviations  was  used  for  most  of  the  blade  sectlt.-  specified 
for  the  compressor.  Some  problems  were  encountered  for  the  supersonic  blade  portions  of 
the  first  two  rotors,  since  oAly  the  thickness  distribution  in  a small  number  of  points 
along  the  chord  line  was  given,  but  nothing  was  specified  about  other  parameters,  like 
form  of  the  camber  line  and  supersonic  turning  on  the  forward  portion  of  the  airfoil. 
Therefore,  shock  losses  on  such  sections  were  not  calculated,  but  losses  existing  on 
similar  blades  tested  were  introduced  (see,  for  example.  Ref.  2,3  and  4).  Some  extra 
corrections  were  Introduced  to  account  for  end-wall  effects  f t i p clearance  and  secon- 
dary losses)  in  accordance  with  the  published  data  used. 

Deviations  weee  calculated  following  the  methods  described  In  Ref.  1;  however,  on  the 
hub  sections  of  the  roton  blades  and  on  hub  and  tip  sections  of  the  stator  blades  empi - 
Heal  corrections  of  the  deviation  angles  were  considered,  to  account  for  some  secon- 
dary effects,  again  following  the  experimental  results  taken  from  the  cited  references. 


The  effect  of  the  axial  velocity  variation  on  deviation  angles  was  accounted  for  using 
Horlock's  formula 
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3.  CALCULATION  OF  THE  PERFORMANCE  POINTS 

Using  the  computer  program  and  the  data  dedcrlbed  above,  some  performance  points  were 
calculated  at  83X  and.  100*  of  design  speed.  However,  the  correlations  described  above 
between  the  present  compressor  and  published  experimental  data  were  applied  carefully 
only  at  100*  specrr,  for  the  83*  speed  line,  the  same  corrections  to  the  Internally  com- 
puted performance  as  for  100*  were  used,  since  the  time  required  to  check  the  correc- 
tions again  exceeded  that  provided  for  this  work.  Therefore,  the  results  obtained  for 
the  lower  speed  may  be  less  accurate,  expecially  for  the  overall  efficiency,  which  we 
estimate  to  be  calculated  in  excess  with  respect  to  the  experimental  values. 

The  surge  points  were  estimated  from  the  examination  of  the  loading  levels  on  some  cri- 
tical airfoil  sections;  it  seems  that  surging  at  100*  speed  is  originated  from  stalling 
of  the  third  stage  stator  hub  section  and  at  83*  speed  (probably)  by  stalling  of  the  se- 
cond stage  stator  hub  section. 

At  1#0*  speed,  the  calculation  for  the  given  62.1  kg/sec.  mass  flow  was  not  possible, 
since  the  flow  resulted  excessive;  one  reason  may  be  that  the  rotor  blade  geometry  was 
supplied  for  the  non-rotating  conditions,  and  no  blade  angle  increase  produced  by  the 
untwisting  due  to  the  centrifugal  force  was  considered;  therefore,  if  the  value  of 
62.1. Kg/sec.  is  experimental.  It  was  produced  by  blades  having,  when  operating  at  100* 
speed,  inlet  angles  on  the  supersonic  sections  different  from  the  values  considered  In 
the  calculation. 

At  83*  speed,  instead,  the  calculation  was  possible  with  the  gilien  value  of  48,5  Kg/sec., 
and  this  fact  was  probably  due  to  the  minor  effect  of  the  centrifugal  force  on  the  blade 
untwist  at  reduced  speed. 

4.  REPRESENTATION  OF  THE  RESULTS 

Overall  performance  curves  are  represented  on  the  first  sheet.  The  two  points  for  which 
detailed  data  are  supplied  are  Indicated.  For  the  description  of  the  data  coming  from 
the  flow-field  calculations,  a non-di mens  1 ona 1 1 zed  channel  height  was  used,  starting 
from  zera  at  the  hub  line  up  to  100*  at  the  outer  casing.  The  quantities  (except  losses) 
were  given  on  an  inlet  and  an  exit  plane,  corresponding  to  the  axial  coordinates  0 and 
406,7  respectively;  the  two  positions  corresponding  to  the  indicated  measuring  planes 
(Z  = -63  and  491,7  respectively)  were  not  used,  since  there  the  meridional  geometry  of 
the  flow  path  was  not  specified. 
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TEST  CASE  3 

La  method  utilisee,  designee  sous  le  nom  "Slmulateur  Numerique”,  est  une  version  tres 
simpllflee  du  programme  en  cours  de  devel oppement  a l'ONERA.  Dans  cette  version  le  com- 
presseur  est  represente  par  quatre  plans  de  contr31e  situes  respectl vement  4 1'entree 
de  la  roue  mobile,  4 la  sortie  de  la  roue  mobile,  4 1'entr'ee  du  redresseur  et  4 la  sor- 
tie du  redresseur. 

Les  contours  exterleurs  et  interieurs  du  compresseur  n'etant  que  tr4s  falMement  evo- 
lutlfs,  on  peut  se  contenter  d'ecrlre  dans  chacun  de  ces  plans: 

- la  condition  d'equillbre  radial  sinplifle  qui  assure  la  compatl bi 1 i te  radlale  de 
pressf on, 

- la  condition  globale  de  conservation  du  debit  qui  assure  la  continuite  du  debit 


La  g&ombtrie  du  compresseur  est  prise  en  compte  sous  forme  tres  simple  par  des  lois 
d'angle  d'ecoulement  5 la  sortie  des  roues  pour  1 'angle  de  sortie  de  la  roue  mobile  est 
reprfcsente  par  un  polynome  du  second  degre  utilisant’le  rayon  comme  variable  dont  ’es 
coefficients  sont  determines  par  la  connaissance  de  1 'angle  geometrique  et  de  I'ecart 
flux  profil  calcule  au  moyen  de  la  correlation  NASA  SP  36  au  moyeu,  au  rayon  moyen  et 
S la  perepherie.  L'angle  de  sortie  du  redresseur  est  pris  egal  a zero.  Les  angles  d'en- 
tree  sans  pertes  sont  deduits  de  la  geometrie  des  aubes. 

Les  valeurs  initiales  des  nombres  de  Mach  absolu  a T entree  de  la  roue  mobile,  relacif 
4 la  sortie  de  cette  roue  et  de  nouveau  absolu  5 la  sortie  du  redresseur,  sont  choisies 
dd  fafon  I priori  arbltraire  au  cours  de  la  premiere  iteration  a la  paroi  interne. 

A un  accroi ssement  rj  du  rayon  4 1 'entree  de  la  roue  mobile  on  fait  correspondre  les 
accroissements  de  rayon  r3  et  r3  4 la  sortie  de  la  roue  mobile  et  4 la  sortie  du  re- 
dresseur tels  que  le  debit  masseJentrant  dans  le  plan  1 se  retrouve  dans  les  deux  au- 

tres  sections.  Cela  necessite  la  connaissance  de  la  variation  de  densite  dans  chacune 
des  roues,  dfeduite  elle-mSme  de  la  variation  d'enthalpie  deduite  du  theoreme  d'Euler  et 
de  la  variation  correspondante  de  pression  corrigee  pour  tenir  compte  des  pertes. 

Les  pertes  de  pression  d'arrSt  sont  reliees  aux  accroissements  d'enthalpie  respecti- 
vement  dues  4 la  non  adaptation  eventuelle  de  l'ecoulement  4 l'entree  de  la  grille  con- 

sidferbe  et  du  ra lenti ssement  du  flux  dans  les  canaux  interaubes. 

Ce  m?me  calcul  sert  a la  determination  de  la  pression  statique  et  le  calcul  ainsi 
dbfini  procdde  d'un  rayon  au  suivant  en  respectant  chaque  fois  la  conversation  du  de- 
bit et  la  1 o 1 d'fequilibre  radial. 

Lorsque  tout  le  debit  fixe  4 I'avance  qui  entrait  dans  la  roue  mobile  est  ressorti 
de  celle-ci  et  du  redresseur,  on  obtient  les  valeurs  des  rayons  du  carter  externe  dans 
les  trois  plans  de  contrSle  etudies.  Les  valeurs  initiales  definies  plus  haut  sont  modi- 
fies jusqu‘4  ce  que  les  rayons  externes  ainsi  obtenus  soient  ceux  de  la  geometrie  du 
compresseur . 

Ce  calcul  peut  etre  programme  sans  difficulty  avec  bouclage  automatique  sur  les  trois 
paramdtres  precedents.  En  fait,  41  se  prete  tres  facilement  a une  exploitation  sur  ordi- 
nateur  de  bureau  ou  console  de  visualisation  et  le  resultat  s’obtient  tr§s  rapidement 
par  dialogue  entre  l'operateur  et  1'ordiuateur. 

Dans  le  cas  de  1'exeihple  de  calcul  n°  3 traite  par  cette  methode,  les  performances 
au  debit  nominal  et  les  reparttti*ns  radiales  des  pressions,  temperatures  et  nombres  de 
Mach  ont  ete  obtenus  corre6tement.  En  revanche,  par  un  choix  d'un  coefficient  de  pertes 
par  non  adaptation  trop  eleve,  les  performances  hors  adaptation  ont  ete  6ousestimees. 

Dans  le  modgle  decrit  cl-dessus,  le  decrochaqe  du  compresseur  correspond  au  debit 
pour  lequel  soit  localement  a la  sortie  de  la  roue  mobile,  soit  globalement  a la  sortie 
du  redresseur,  la  pression  statique  passe  par  un  maximum  lorsque  le  debit  decroTt. 

Dans  le  premier  cas,  au  maximum  de  pression  statique  correspond  un  remplissage  incom- 
plet  de  la  veine  pour  tout  debit  inferieur  au  debit  de  decrochage  ainsi  defini,  ce  qui 
dans  la  plupart  des  c>ss  conduit  a des  phenomenes  instationnaires  du  type  decollement. 
tourmnt. 


Dans  le  second  cas,  le  fait  que  la  pression  statique  decrtTt  lorsque  le  debit  est  in- 
ferieur au  debit  critique  rend  impossible  V etablissement  d'un  regime  instable  et  con- 
duit naturel lement  A des  instabilites  longitudinales  qui  peuvent  eventul lement  degenerer 
en  inttabilites  azimvtales  du  type  decollement  tournant. 
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The  present  computer  program  is  based  on  Vavra'§  (1)  technique  of  solution  for  axisymme- 
trlc  and  steady  flow  In  axial  turbomachines;  it  solves  the  complete  radial  equilibrium 
equation  - accounting  for  enthalpy  and  entropy  gradients  and  streamline  curvature  ef-^ 
feets  - in  a specified  number  of  stations  ahead  of,  between  and  after  the  blade  rows. 

An  orthogonal  curvilinear  system  of  coordinates  having  the  meridional  coordinates  coin- 
cident with  the  generatrites  of  the  flow  stream  surfaces  is  used  in  the  solution.  Itera- 
tive methods  are  used  both  for  the  numerical  solution  of  radial  equilibrium  and  conti- 
nuity equation  in  single  stations  and  for  streamlines  location  and  curvatures  over  the 
whole  machine. 
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PREDICTION  OP  ANGLES  AND  LOSStS 
a)  “reference11  conditions 


Incidence,  deviation  and  loss's  produced  by  the  blade  rows  at  "reference1'  conditions 
arc  computed  according  to  NASA  rules  (2),  the  on<Jy  difference  being  the  ssumption  that 
the  streamline  radial  position  has  no  influence  on  them  (i.e.,  in  making  use  of  fig. 
201-202-203  of  Ref.  2,  the  curves  given  for  50%  of  blade  height  are  assumed  to  be  valid 
for  all  streamlines). 


b)  "of f-referenee“  conditions 


Off-reference  deviati  -s  and  losses  are  computed  according  to  the  correlations  proposed 
by  Creveling  and  Carni  ty  (3),  as  a function  of  incidence  angle  and  inlet  relative  Mach 
number.  The  only  modification  of  original  subroutines  given  in  (3)  wk.ch  was  considered 
appropriate  is  the  calculation  of  flow  deviation  angle  in  the  negative  incidence  range. 


No  axial  velocity  ratio  influence  Is  considered,  mostly  because  the  program  was  deve- 
loped for  calculating  low-speed  industrial  compressors,  where  axial  velocity  ratios  are 
always  very  close  to  unity.  For  the  same  reasons,  also  shock  losses  are  not  accounted 
for. 


SECONDARY  LOSSES 


The  last  version  of  Mellor's  theory  (4)  on  casing  boundary  layer  is  incorporated  in  the 
computer  program. 

The  Mellor's  equations  are  integrated  acm^s  every  blade  row;  this  calculation  is  car- 
ried out  every  time  the  continuity  equation  is  solved.  The  displacement  thicknesses  are 
accounted  for  in  locating  streanlines,  while  all  other  pertinent  boundary  layer  parame- 
ters yield  the  enthalpy  and  entropy  increase  caused  by  secondary  losses. 

The  losses  are  then  mass-averaged,  i.e.  uniformly  distributed  in  the  whole  section. 

The  following  value*-  of  the  four  “arbi trary”  coefficients  in  Mellor's  theory  are  assu- 
med, f.r  both  hub  and  tip  of  rotor  and  stator  olades: 

Cf  = 0.003 

£ =0 
K = 0.65 

H =1.4 

Flow  angle  changes  due  to  secondary  effects  were  not  considered. 


SURGE-LINE  DETECTION 


Surge  conditions  are  automatically  detected  by  the  computer  program,  when  one  of  the  fol- 

lowinci  situations  occur?:.  ..  . ^ . , , , . . ..  . ,, 

1)  the  radial  equilibrium  equation  does  not  have  meaningful  solutions  (i.e.,  it  yields 
very  small  or  even  negative  values  of  the  meridional  velocity  at  some  streamliae); 

2)  the  casing  boundary  layer  (almost  always  at  hub)  increase  in  first  stages  is  so 
large  that  causes  unstable  conditions;  i.  e.,  the  variation  of  meridional  velocity 
at  various  stations  is  so  abrupt  that  convergence  cannot  be  obtained. 


In  the  Author's  experience,  the  two  situations  occur  almost  simultaneously,  but  the 
second  one  is  more  easily  detectable. 


References 


I *• 

VAVRA,  M.  H., 

"Aero-Thermodynamics  and  Flow  on  Turbomachines" 
John  Wiley  & Sons,  Inc.,  New  York  1960 

1 2. 

The 

Members  of  the 

Staff  of  Lewis  Research  Center,  Cleveland, 

’ 

Oh i o 

"Aerodynami c 

Design  of  Axial-flow  Compressors" 

i 

NASA 

SP-336,  1965 

i 

' 3. 

CREVELING,  H.F 
CARMODY,  R.H. , 

. , and 

"Computer  program  for  Calculating  Off  Design 
Performance  of  Multistage  Axial-flow  Compressors 
NASA  CR- 

4. 

MELLOR,  G.L., 

"Secondary  Flows  in  Turbomachines",  Von  Karman 
Institute  for  Fluidodynamics  Lecture  Series, 

Jan.  1975 


I 


sfit 


s 


1 1 l i 1 . 1 1 

8 10  12  14  16  18  20kg/i 

6 8 JO  12  14  16  18  20kg/* 

moss  flow  m rt(J  — ► 

man  flow  — ► 

(a)  Author  4 

(h)  Author  6 

st  Cq?e  ? 

T»st  Qg»e  3 

Author.  7 

T Author:  T2 

ma«  flow  m w(j  - 

(c)  Author  7 


IHBUIB 

«■■■■■! 


mass  flow  m rf d - 

td)  Author  12 


Fig.  1 Overall  performance  of  the  single  stage  transonic  compressor  (Test  Case  3)  compared 

to  performance  predictions 


■ 


Iwt  Cqpt  3 

Jwt  Cogt-1 

_ ipHtf  100  *1* 

*ulh4r:  J ^ mouflow:  173kgf» 

‘ . ► - ipMd  . tOOK. 

£??£.■  nautiaw;  IT.3  *<* 

>04*:  173  hate 


0 » 40  *0  : « 100 

I^MC»*it09»  4*u4Ju*  height 

■ \;>/r  * El  im 

(a)  Author  2 

(b)  Author  4 

it!  Com  i ! 

Iwt  C<m  3 

mam 


WMmil' 


ma: 


sai 


iziismai 


mi 


[QE1 


Fnra 


T*st  Case  3 

....  , 100% 
AUllW  i )TR«SfU»W  t7  3 kO/* 


00 


,1l*r\  173  k|/» 


; f* to  . HO  , 10  to  , toO  ; 
j.  .fMuWg*  ennulu*  Mghl  ; : 

» 40  «0  W W 

. ftcctntag*  annulus  h right 

(a)  Author  2 

(b)  Author  4 

' ■ M**4  ,00' 

wwmow  173  >«/• 

Ssi  Cat#  3 

jcwar  t ‘ ‘-W**4  mx 

mass.  now.  n.3  kg* 

M 


Ptcctntago  annulus  bright 

(c)  Author  6 


t*»fc#ntag*  annulus  hri 

(d)  Author  7 


mass  now.  17.3  kg/* 


R<Hor  out 

n ■ r i-i 


-f  ■ 

* i JwwjortMjl’  ■ ’ j "j  " 


to  *o  so  » «K 
P*rc*ntag«  annulus  hMgM 


(e)  Author  12 

Fig.4  Meridional  Machnumber  at  rotor  and  stator  outlet-mass  flow  17.3  kg/s  (exp.-calc.) 


©Mss 


TtstCos*  3 

i 

*4»riowi  173  *»» 


idi 

B58ia| 

Kpiiliii 

SsilBM 

plliiii-iSt 


(a)  Author  2 

(b)  Author  4 

Tfti  Qa.»c3 

i i 4 jpHd  ; 1 00V, 

K,  4-  t7.3  k0fe 

, 1PHH  100% 

Au,hD,'T  flldu  Mow.  173  k|ft 

Ewtonrtf  -»i4rtu» 


(c)  Author  6 


20  *0  80  W 

P»rc«nt09«  onnulu*  totgM 

(d)  Author  7 


Fig, 6 Rotor  and  stator  flow  losses  - mass  flow  1 7.3  kg/s  (exp.-calc.) 


(a)  Author  2 


?«adLCfltt.l 


(c)  Author  6 


(b)  Author  4 


.Tiw.LCagtJ 


Fig.7  Total  pressure  ratio  at  rotor  and  stator  outlet-mass  flow  16.8  kg/s  (exp.-calc.) 
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TURBINE  TEST  CASES 

PRESENTATION  OF  DESIGN  AND  EXPERIMENTAL  CHARACTERISTICS 
by  J.  Chauvin  and  C.  Sieverding 
Professors 

von  Karman  Institute  for  Fluid  Dynamics 
ChaussSe  de  Waterloo  72 
1640  Rhode-Sa i nt-Gen§se 
Belgium 


INTRODUCTION 


Two  tests  cases  have  been  made  available  to  the  Committee,  respectively  a two- 
stage,  two-shaft  HP-IP  turbine,  for  which  complete  data,  including  interstage  traverses 
are  available  at  100  %,  by  courtesy  of  Rolls-Royce  (1971),  Derby  Engine  Division,  and  a 
three-stage  single  shaft  turbine,  fer  which  a full  overall  performance  map  is  available 
but  no  detailed  traverse,  except  at  outlet.  The  latter  case  is  by  courtesy  of  M.T.U. 
Munchen , 


Full  geometrical  data  are  presented  for  the  first  case.  For  the  second  one, 
publication  at  large  was  not  possible  due  to  proprietary  problems  raised  by  the  agencies 
having  sponsored  tne  research  on  the  machine. 

The  Committee  is  very  thankful  to  both  Rolls-Royce  (1971)  and  M.T.U.  for  their 
help,  and  in  particular  to  Mr.  Bryan  Barry  and  Dr.Ing.  H.J.  Lichtfuss,  who  spent  a 
considerable  time  in  putting  the  data  in  the  requested  form. 

The  turbine  description  and  the  experimental  data  are  presented  in  this  report. 


LIST  OF  SYMBOLS 

M Mach  number 

m mass  flow  kg/sec 

P or  ptnt  total  pressure,  bars 


static  pressure 
radius,  mm 


Rti p~Rhub 

axial  coordinate,  mm 

absolute  angle  from  axial  direction  (positive  in  the  direction  of  camber, 
for  nozzle  in  direction  of  rotation  for  rotor). 

blade  row  relative  total  pressure  loss  coefficient 

Pci’Poi+l  ^ inlet  of  blade  row) 

Poi'Pi+l  (i+1  out1et  of  blade  row) 


SUBSCRIPTS 


m in  meridional  direct'if'i 

Red  reduced,  at  ISA  sea  level  conditions 

W relative  to  rotor 

Z in  axial  direction 

1 upstream  of  turbine  or  stage 

2 downstream  of  turbine  or  stage 
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TEST  CASE  I (Courtesy  of  Rolls-Royce  1971  - Derby  Engine  Division) 

Geometry  and  Design  Conditions 

This  is  a typical  two-stage,  two  shaft  HP-IP  turbine  for  advanced  g?s  turbine  engines. 
The  flow  path  is  given  in  Table  1 and  Fig.  1,  and  the  information  available  on  the 
blading  in  Table  2 and  Figs.  2,3,4.  The  blades  are  of  the  usual  type  for  gas 
turbine  operating  at  high  subsonic/moderate  supersonic  outlet  Mach  numbers,  i.e. 
with  slightly  curved  succion  side  downstream  of  the  throat. 

The  design  conditions  are  : 

Nominal  speed  (ISA  conditions)  : HP  turbine  8250  rpm 

LP  turbine  4693  rpm 

Reduced  nominal  mass  flow  (ISA  conditions)  : 4.82  kg/sec. 

Experimental  Data 

Tests  were  carried  out  at  100?  speed  with  an  inlet  total  pressure  of  2.94  bars  and 
an  inlet  total  temperature  of  423°K,  corresponding  to  an  actual  mass  flow  of 
11.50  kg/sec.  Overall  turbine  and  stage  performances  at  optimal  conditions  are 
given  in  Table  3 (0,1,2).  Efficiencies  have  been  evaluated  from  brake  and  total 
pressure,  recalculated  from  wall  static  and  continuity  and  from  total  pressure  and 
temperature  traverses,  mass  averaged  between  blade  rows.  The  maximum  difference 
between  the  two  evaluations  is  one  point.  Traverse  data  are  available  before  and 
after  each  blade  row,  for  total  pressure,  total  temperature,  static  pressure  and 
absolute  angle. 

Table  3-3  and  4,  and  Fig.  5 give  the  total  pressure  and  temperature  distribution 
in  function  of  relative  blade  height  at  stage  outlets.  Table  3-5  and  Figs..  6,7, 

8,9  give  the  loss  coefficient  distribution  at  each  blade  row  outlet, 
as  u = ^01  P°2  = f (reduced  radius).. 

P01-P2 

Table  3-6  gives  inlet  and  outlet  axial  and  meridional  Mach  numbers,  absolute 
angle,  and  outlet  relative  Mach  number  for  each  blade  row.  In  Figs.  10,11,12,13 
are  plotted  the  relative  outlet  Mach  numbers  and  in  Figs.  14  and  15  the  absolute 
outlet  angles. 


The  effect  of  secondary  flows  is  clearly  noted  in  Fig.  5 and  is  even  more  evident 
in  the  loss  distribution  of  Figs.  6 through  9,  which  indicate,  except  for  the  case 
of  the  first  nozzle,  a quite  radical  departure  for  the  usually  accepted  model  of  a 
"sound  flow"  and  end  wall  region.  This  can  be  noted  also,  to  a lesser  degree,  in 
the  angle  distribution.  The  Mach  number  evaluation  is  relatively  smooth. 

Not  withstanding  the  radial  evolution  of  the  flow,  the  overall  performance  is  quite 
sati sfactorv . 

TEST  CASE  2 (Courtesy  of  rtotoren-  und  Turbinen  Union,  Munchen) 

Geometry  and  Design  Conditions 

This  is  a three-stage  single  shaft  turbine,  typical  of  gas  turbine.  It  has  a flow 
path  diverging  more  at  the  root  than  at  the  tip  (Fig.  6).  It  uses  blading  with 
slightly  curved  succion  downstream  of  the  throat. 


! 
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Design  r.p.m  at  ISA  sea  level  conditions  is  7.718 
Reduced  nominal  mass  flow  is  7.59  kg/sec. 

2 . Experimental  Data 

Test  data  on  overall  performance  are  available  for  100,  80,  60  and  20?  of  nominal 
r.p.m.,  and  are  given  in  Table  5 and  Fig.  16.  A pressure  ratio  of  2.94  with  an 
isentropic  efficiency  of  0.90  is  achieved  for  the  reduced  nominal  mass  flow. 

Traverse  data,  taken  80  mm  behind  the  last  rotor,  are  available  for  nominal  conditions.. 
They  are  given  in  Table  6 (total  pressure  ratio,  total  temperature  ratio,  axial  Mach 
number,  relative  Mach  number  and  abso'ute  outlet  angle)  and  plotted  in  Figs.  17,  18 
and  19. 


) 


s 


All  angles  in  axial  direction  and  with  respect  to  compressor  axis,  positive  in  camber 
direction  for  nozzles,  in  direction  cf  rotation  for  rotors. 


Table  3 


Turbine  Test  Case  I - Experimental  Results 


Reduced  nominal  mass  flow  : 4.82  kg/sec 

1.  Turbine  pressure  ratio  (mass  averaged,  total  to  total) 

Overall  : 5.8359 
HP  : 2.8451 
LP  : 2.0512 

2.  Turbine  efficiency 

a)  based  on  "brake"  temperature  drop  and  total  pressure  derived  from  wall 
statics  and  continuity. 

Overall  : 88.406  % 

HP  : 85.753  % 

LP  : 89.628  % 


b)  based  on  inter  blade  row  total  pressure  and  total  temperature  traverse 
data  (mass  averaged) 


Overal 1 : 89.15  % 

HP  : 89.76  % 

LP  : 89.52  % 

3 . Total  pressure  ratio 

HP  LP 


2 

.994 

2 

.118 

2 

.973 

2 

.103 

2 

.970 

2 

. 131 

2. 

.976 

2 

. 125 

2 

.911 

2 

. 127 

2 

.717 

2 

.230 

2 

.830 

2 

. 180 

2 

.898 

1 

.968 

2 

.929 

1 

.916 

2, 

.899 

1 

.912 

2 

.883 

1 

.911 

2. 

.900 

1 

.892 

2 

.955 

1 

.849 

Note 

: mass 

meaned 

i nlet 

4 ..  Total  temperature  ratio 


1.162 

1 .319 

1 . 171 

1.306 

1.168 

1.313 

1.163 

1 315 

1.226 

1.246 

1.305 

1 . 170 

1.308 

1.194 

1.301 

1.196 

1.287 

1.200 

1.279 

1.198 

1.279 

1.195 

1.279 

1.193 

1.279 

1.233 

Overal 1 

Rx  (%) 

6.341 

2 5 

6.252 

5.0 

6.329 

7.5 

6.324 

10 

6.190 

15 

6.060 

25 

6.170 

50 

5.703 

75 

5.611 

85 

5.543 

90 

5.511 

92.5 

5.486 

95 

5.463 

97.5 

is  assumed. 


1.532 

2.5 

1.529 

5.0 

1.533 

7.5 

1.529 

10.0 

1.528 

15 

1.526 

25 

1.561 

50 

1.556 

75 

1.544 

85 

1.533 

90 

1.528 

92.5 

1.525 

95 

1.577 

97.5 
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5.  Flow  losses, 
HP 


LP 


Stator  ( 1 ) 

Rotor 

Stator 

Rot^** 

Rx  {%) 

.4531 

.3679 

.18416 

-.0366 

2.5 
c n 

.3072 

.3166 

.1068 

.1561 

D . u 
7 R 

.07665 

.3904 

.0806 

.2009 

10.0 

15 

25 

50 

75 

85 

90 

92.5 
95 

97.5 

.07503 

.4141 

.0846 

.1932 

.05243 

.2786 

.1421 

.2489 

.05196 

.1629 

.2635 

.2408 

.06029 

.0727 

.2208 

,1394 

.06082 

.1598 

.0907 

.2169 

.08362 

.1692 

-.0062 

.2284 

.07057 

.1488 

.0041 

.3130 

.0805 

.1311 

.0113 

.2823 

.14822 

.1474 

.0138 

.2434 

.3140 

.2051 

.684 

.1077 

(1)  based  on  mass  meaned  inlet  P^. 


6 . Inter  blade  row  Mach  numbers  and  gas  angles 


hP  Stator  ini et 


R* 

M =M 

a 

z m 

m 

2.5 

.1019 

0.0 

5.0 

.1524 

0.0 

7.5 

.1502 

0.0 

10. 

.1468 

0.0 

15. 

.1429 

0.0 

25. 

.1393 

0.0 

50.. 

.1446 

0.0 

75. 

.1561 

0.0 

85. 

.1566 

0.0 

90. 

. 1545 

0.0 

92.5 

.1529 

0.0 

95. 

.1496 

0.0 

97.5 

.1434 

0.0 

HP  Stator  exit 

R*  % 

M, 

M 

M 

a 

z 

m 

w 

m 

2.5 

.2809 

.2839 

0.87 

70.9 

5.0 

.3074 

.3108 

1.41 

77.31 

7.5 

.3239 

.3277 

0.98 

70.4 

10 

.3228 

.3269 

0.97 

70.4 

15 

.3069 

.3113 

0.99 

71.6 

25 

.2836 

.2886 

0.97 

72.6 

50 

.2610 

.2681 

0.93 

73.3 

75 

.2619 

.2723 

0.91 

72.5 

85 

.2790 

.2916 

0.89 

70.8 

90 

.2947 

.3089 

0.89 

69.6 

92.5 

.3059 

.3211 

0.88 

68.5 

95 

.3152 

.3314 

0.86 

67.2 

97.5 

.2885 

.3037 

0.79 

67.4 

i 

l 


HP  Rotor  exit 
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R*(%) 

Mz 

m 

M 

w 

°w 

2.5 

.1156 

.1179 

.8310 

-59  .8 

5.0 

.1262 

.1290 

.8654 

-60.7 

7.5 

.1363 

.1395 

.8752 

-59.4 

10 

.1546 

.1586 

.8730 

-56.5 

15 

.2472 

.2546 

.9168 

-41.7 

25 

.4297 

.4587 

.9645 

-18.4 

50 

.3665 

.3912 

1-0.293 

-30.7 

75 

.3593 

.397^ 

1 .0348 

-27.9 

85 

.3378 

.3736 

1 .0483 

-30.9 

90 

.3538 

. 40 1 1 

1 . 0680 

-30.6 

92.5 

.3594 

.4092 

1.0806 

-30.9 

95 

.3529 

.4037 

1.0775 

-30.9 

97.5 

.3396 

.3903 

1.0453 

-28.2 

LP  Stator  exi t 


R*(%) 

Mz 

m 

M 

w 

“m 

2.5 

.2200 

.2330 

3.89 

74.8 

5.0 

.2677 

.2839 

3 914 

71.9 

7.5 

.3112 

.3305 

0 918 

68.9 

10 

.3410 

.3637 

0.9085 

66  .4 

15 

3812 

.4066 

0.896 

63.0 

25 

.3904 

.4189 

0.89-2 

62.0 

50 

.3528 

.3917 

0 . 846 

6-1.3 

75 

.3111 

.34  54 

0.77' 

63.6 

85 

.2957 

.3309 

0.774 

54. 7 

90 

.3187 

.3580 

0 '? 

62.3 

92.5 

.3521 

.3963 

0 . '67 

58. 9 

95 

.3496 

. 394-2 

0.7545 

58.5 

97.5 

.2340 

.2642 

0.528 

50 .0 

LP  Potor  exit 


M =M 

M 

z m 

w 

'm 

2.5 

.1863 

.8471 

-b2  1 

5.0 

.2397 

. 80bS 

-50  .5 

7.5 

.2881 

.8061 

-43 . 4 

10 

.3331 

.8131 

-37.8 

15 

.3924 

.8066 

-28.7 

25 

.3959 

.8212 

-28  c 

50 

.3346 

.8398 

-35.3 

75 

.3747 

.8201 

-24 .3 

85 

.4158 

.8255 

-18.9 

90 

.3965 

.8135 

-19.0 

92.5 

.3959 

.8352 

-21.9 

95 

.3833 

.8456 

-24.6 

97.5 

.3687 

.8531 

-27.2 

Table  4 : FLOW  PATH  GEOMETRY 


Z 

0 

52,5 

72,8 

98,7 

117,6 

145,6 

l’S6>„6 

Rhub 

171,13 

160,91 

152,20 

142,95 

135,66 

124,82 

ilte,68 

Rtip 

212,92 

212,92 

216,92 

221,18 

224,47 

229,45 

233, 3’6 

Table  4,1  : Location  of  Instrumentation  (all  dimensions  in  ms) 


Inlet 


Outlet 


"able  5 : TEST  CASE  2 - OVERALL  PERFORMANCE 


N//T 


(N//T; 


de^i an 


'RED 


Ptot  1NL' 
Ptot  0UTL' 


1 s 


1*1 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

* 100 


K-^/S  I 

6 . f<153 
6 .4604 

6 . / 864- 

7 . 1JU5S 
7.20SS 
7 2223 
7.4468 
7 .4754 
7 5184 
7.5298 
'.5435 
‘.5596 
-.5799 
7.5811 
7.5960 
" .6080 
7.5871 


/ 

1.2887 

1.4025 

1.5138 

1.7369 

1.8050 

1 .8063 
1.9361 
2.2221 
2.2063 
7 .4459 
2.4392 
2.7383 

2 4369 
2.7210 
2.8841 
2.965  7 
2.8936 


/ 

0.5786 

0.7231 

0.7879 

0.8517 

0.8563 

0.8615 

0.8631 

0.8875 

0.8815 

0.8889 

0.8951 

0.9034 

0.8935 

0.8940 

0.8913 

0.8958 

0.8975 


¥■  S panwise  distribution  for  that  point  only 


M/T 


'RED 


tot  INL. 


tot  INL. 


1.0133  kg.K  oar 


288.15  5bar  r < 


/T 


tot  INL. 


design 


315,38  iHE5L; 
, K 


“design  = 10440  lrPml 


RED 


/ T 


80 

5.9395 

1 3016 

0.7734 

80 

6.2732 

1.3660 

0.8119 

80 

6.7257 

1.5148 

0.8483 

80 

7.0307 

1 . 6382 

0.8776 

80 

7.5202 

2.1451 

0.8793 

80 

7.6193 

2.4473 

0.8693 

80 

7.6492 

2.7104 

0.8784 

80 

7.6844 

2.9)59 

0.8642 

60 

5.3593 

1.2286 

0.8087 

60 

6.2392 

1.3704 

0.8526 

60 

6 .8958 

1.5528 

0.8511 

60 

7.5029 

1 .8574 

0.8263 

60 

7.6897 

2 . 1899 

0.8107 

60 

7.7291 

0 .4804 

0.8043 

20 

5.5491 

: 2 242 

0.5987 

20 

6.6750 

1 . 4856 

0.4822 

. ,n/Ttot 

INL. 

1 .0133 

kg/K  bar 

P tot 

INl  . 

.'288.15 

5bar  > r 

N J 

315,38 

rpin  i 

tot  INL. 


design 


N 


design 


10440  rpm! 


Ta--1e  -6-  : T£ST  CASE  2 - LOCAL  OUTLET  FLOW  PARAMETERS 
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r"rhub 

P 

rtot 

Ttot 

RTIP'RHU8 

Ptot  INL. 

T to t INL. 

0.0268 

0.3623 

0.7824 

0.0520 

0.3609 

0.7824 

0.0772 

0.3599 

0.7812 

0.1191 

0.3585 

0.7773 

0.1611 

0.3565 

0.7717 

0.2450 

0.3520 

0.7647 

0.3708 

0.3429 

0.7576 

0.4966 

0.3394 

0.7576 

0.622C 

0.3408 

0.7593 

0.7483 

0.3408 

0.7679 

0.8322 

0.3408 

0.7720 

0.8742 

0.3422 

0.7726 

0.9161 

0.3394 

0.7739 

0.9497 

0.3456 

0.7764 

0.9832 

0.3449 

0.7788 

i m/ s | 

1®/ - , 

0.5517 

0.4691 

+ 1.30 

0.5534 

0.4999 

+2.00 

0.5615 

0.4638 

0.00 

0.5761 

0.4553 

-2.90 

0.5322 

0.3772 

-5.10 

0.5920 

0.  427 

-f  3 

0.5952 

0.3792 

-7.4 

0.6109 

0.3571 

-7.7 

0.6389 

0.3593 

-6.8 

0.6560 

0.3424 

-6.3 

0.6777 

0.3255 

-8.8 

0.6851 

0.3255 

-8.1 

0.6854 

0.3259 

-6.0 

0.6675 

0.3365 

+0.30 

0.6530 

0.3173 

+2.30 

SECTION  STACKED  ON  RADIAL  TRAILING  EDGE 


Fig.2  Stage  1 - nozzle  guide  vane 


63.93mm 


PROFILE  STACKED  RADIALLY  ON  TRAILING  EDGE 


Fig.3  Stage  2 - nozzi;  guide  vane 


pressure  and  temperature  ratio  Fig.6  Test  Case  1 — loss  distribution  behind  IGV  HP 


Fig-9  Test  Case  1 - loss  distribution  behind  LP  rotor  Figs  10—13  Relative  Mach  number  distribution  behind  nozzle 


'bsolute  angle  dis-  lbution  for  stage  1 Fig.  15  Test  Case  1 — stage  2:  absolute  angle  distiibution 


est  Case  2 - overall  performance  Fig.  17  Test  Case  2 — local  total  temperature  and  pressure 
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TURBINES  l 

i 

§ 


PRESENTATION  OF  CALCULATED  DATA 
AND  COMPARISON  1'ITH  EXPERIMENTS 


j 


by  J.  Chauvin  j 

von  Karraan  Institute  for  Fluid  Dynamics  1 

Chaussfee  de  Waterloo  72  » 

1640  Rhode-Saint-Gen&se  | 

Belgium  ■ 


1.  INTRODUCTION 


For  the  turbine  cases,  the  geometric  data  of  the  two  machines  were  provided,  as  well 
as  the  nominal  2pm  and  nominal  mass  flow.  The  nominal  pressure  ratio  and  efficiency 
had  to  be  found,  and  for  case  2,  the  full  performance  map. 

Some  problem  arose  because  of  the  way  in  which  data  were  provided,  as  the  pressure 
ratio  had  to  be  found.  Usually,  the  input  data  for  computer  programs  are  not  made 
for  such  an  approach. 

Comparison  with  the  experimental  data  can  also  be  made  somewhat  more  difficult, 
because,  if  the  computation  provided  a wrong  pressure  ratio,  the  calculated  data 
pertain  in  fact  to  another  data  point  of  the  performance  map. 

Computed  data  were  received  from  two  participants  for  Test  Case  I,  and  from  four 
for  Test  Case  1 1 . 

The  information  on  the  computer  programs  used  is  summarized  in  Table  I. 

The  following  sections  contain  more  extensive  information  on  the  methods,  when 
available,  and  a comparison  in  graphical  form,  of  the  calculated  and  measured  data, 
case  by  case  and  author  by  author. 

General  comparisons  and  comments  are  given  ir>  the  last  section. 


LIST  OF  SYMBOLS 


M Mach  number 

m mass  flow  kg/sec 

P0  or  Ptot  total  pressure,  bars 

p static  pressure 

R radius,  mm 


Rtip'*hub 


Z axial  coordinate,  mm 

a absolute  angle  from  axial  direction  (positive  in  the  direction 

of  camber,  for  nozzle  in  direction  of  rotation  for  rotor). 

w blade  row  relative  total  pressure  loss  coefficient 

P -P  H 

oi  oi+1  ' inlet  of  blade  row) 

P0 i - P (i+1  outlet  of  blade  row) 


■eiAi'kS.vi 
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SUBSCRIPTS 

m in  meridional  direction 

Red  reduced  at  ISA  sea  level  condftionr 

W relative  to  rotor 

Z in  axial  direction 

1 upstream  of  turbine  or  stage 

2 downstream  of  turbine  or  stage 


calculated  and  measured 

calculated  and  measured 

calculated  and  measured 
at  turbine  outlet. 


and  measured  relative  anr'  axial 


LIST  OF  FIGURES 

1.  Test  Case  I,  Authors  1.  2,  5 

Comparison  of  local  total  pressure  and  temperature 

2.  Stage  1,  Case  I,  Author  5 

Comparison  between  measured  and  predicted  absolute 

3.  Stage  2,  Case  I,  Author  5 

Comparison  between  measured  and  predicted  absolute 

4.  Case  I,  Author  5 

Comparison  between  local  calculated  and  measured  r 

5.  Case  I,  Author  15 

Overall  performance  prediction. 

6.  Stage  1>  Case  I,  Author  15 

Comparison  between  predicted  and  measured  absolute 

7.  Stage  2,  Case  I.  Author  15 

Comparison  between  predicted  and  measured  absolute 

8.  Case  I,  Author  15 
Comparison  between 

9.  Case  II,  Author  2 
Comparison  between 

10.  Case  II,  Author  2 
Comparison  between 
and  temperature  ratio 

11.  Case  IIM,  Author  2 
Comparison  between  calculated 
Mach  number  behind  turbine. 

12.  Case  II,  Author  2 
Comparison  between  calculated 

13.  Case  II  100*  speed.  Author  15 
Comparison  between  calculated 

14.  Case  IIM,  Author  15 
Comparison  between  calculated 
Mach  number  behind  turbine. 

15.  Case  II  , Author  15 
Downstream  flow  angle. 

16.  Case  II  , Author  15 
Overall  predicted  performance. 

17.  Case  II  100*  speed.  Authors  18 
Comparison  between  measured 

18.  Case  II  80*  speed.  Authors 
Comparison  between  measured 

19.  Case  II  60S  speed.  Authors 
Comparison  between  measured 

20.  Case  II  , Authors  18  & 28 
Comparison  between  calculated  and  measured 
and  temperature  ratio  at  turbine  outlet. 

21.  Case  II,  Authors  18  & 28 
Absolute  angle. 

22.  Case  IIM,  Authors  18  & 28 
Relative  and  axial  Mach  number. 

23.  Case  II  , Author  28 

Effect  of  incidence  angle  ± i and  rel.  Mach  number 

24.  Case  II  , Author  28 
Calculated  overall  performance. 

25.  Case  II  , Author  28 
Calculated  Overall  performance. 

26.  Case  II  , Author  28 

Calculated  loss  distribution  between  each  blade  row 


ratio. 

outl et 

angles . 

outl et 

angles . 

lative 

Mach  number 

outl et 

angle. 

outl et 

angle. 

lative 

Mach  number 

1 ocal 

overall  performance, 
local  total  pressure 


and  measured 
and  measured 
and  measured 


& 28 
and  calculated 
18  & 28 

and  calculated 
18  & 28 

and  calculated 


absolute  outlet  angle, 
overall  performance, 
relative  and  axial 


overal  1 
overall 
overall 


per  formance . 
performance . 
performance. 


local  total  pressure 


Mw  on 


velocity  coefficient  f'W/w^, 
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TABLE  I : GENERAL  INFORMATION  UN  COMPUTER  PROGRAMS 


Au  thor 

Calculation 

Method 

Average  Comp. 
Time  per 
Point 

Loss  Correlation 

Deviation 

rompu ter 

Prof  i 1 e 

Secondary 

2 

Finite  element 
through  flow 

CDC  6500 

il  70  sec 

Ai nl ey- 
Mathieson 
Without  AVR 

Distributed 

5 

Streamline 
curvature 
through  flow 

CDC  6500 

I 45  sec 
(31  sec  CPU) 

Traupel 
Modifi ed 
Without  AVR 

Uniform 
(Traupel ) 

Mod.  Sine 
Rul  e 

15 

Streaml i ne 
curvature 
through  flow 

IBM  370-165 

1 20  sec 
II  20  sec 

Without  AVR 

Li  nearly 
Distributed 

Subs  : 

Sir.e  Rule 
Sup  : 
Continuity 

18 

NASA-CR-7 10 

- 

II 

Without  AVR 

NASA  CR- 
710 

j 28 

NASA-CR-7 10 

TR  440 

II  8 sec 

Without  AVR 

— 

NASA  CR- 
710 

2.  RESULTS  FOR  TEST  CASE  I 

For  this  case,  the  performance  at  the  design  point  only  is  available,  including 
detailed  traverses  ahead  and  downstream  of  each  blade  row.  There  were  two  part- 
icipants in  the  calculation,  no.  5 (Dr.  Zollinger,  Sulzer  Brothers)  and  no.  15 
Dr.  Denton,  C.E.G.B). 

A.  AUTHOR  no.  5 

Description  of  the  method 

1.  Loss  model 

Basically  the  loss  model  of  Traupel  was  used}  The  total  loss  is  the  sum  of  : 

- erofile_loss 

The  profile  loss  depends  on  che  flow  angles.  It  is  corrected  for  influence 
of  Reynolds  number,  trailing  edge  thickness  and  departure  from  optimum 
sol idi ty . 

' §§£2D^C^.l9§§ 

This  loss  depends  on  the  aspect  ratio,  the  blade  turning  and  the  ratio  of  inlet 
and  outlet  velocities. 

- tigclearance 

It  is  mainly  a function  of  the  tip  clearance,  the  flow  annulus  area  and  the 
flow  angles. 

Only  minor  corrections  to  the  published  loss  model  were  applied,  mainly  for  the 
trailing  edge  loss  and  for  the  secondary  loss.  A uniform  loss  distribution  was 
assumed  throughout. 
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2.  Blade  turning 

The  blade  turning  is  calculated  via  a momentum  balance  in  a rotating  channel  by 
neglecting  the  contribution  of  the  pressure  integral  on  the  control  volume  to 
the  circumferential  momentum.  Effects  of  rotation  and  variation  of  stream  tube 
height  and  radius  are  included.  The  calculation  scheme  is  a modification  of 
Traupel's  method?  ho  correction  for  over-  and  underturning  due  to  secondary 
moti on  was  appl ied . 

3.  Computer  program 

A streamline  curvature  method  was  used.  The  complete  radial  equilibrium  is  ful- 
filled at  calculation  stations  which  coincide  with  the  blade  leading  and  trailing 
edges.  Additional  stations  at  the  instrumentation  planes  were  introduced. 

On  a CDC  6500  the  calculation  time  for  5 streamlines  wa:  31  CP  seconds  and 
14  10  seconds. 

I1!  W.  Traupel  : Thermische  Turbomaschi nen  I 

2nd  edition.  Springer  Verlag  1966 

|2|  W.  Traupel  : Prediction  of  flow  outlet  angle  in  blade  rows 
with  conical  stream  surfaces 
ASM£-Pape>"  73-GT-32 

RESULTS  OF  CALCULATION 


For  the  overall  performance,  Table  2 compares  the  calculated  and  experimental 
resul ts . 


TABLE  2 


Experiment 
Author  no. 5 

'’’red 

Po j/”02 

APoi/Poa* 

n 

An% 

4.82 

4.82 

5.8b 

5.92 



+ 1.2  % 

0.8915/0.8841 

0.89 

0.6 

The  agreement  is  very  good. 

For  the  local  quantities,  the  data  is  given  in  Figs.l  to  4. 

For  the  total  pressure  ratio,  the  trends  in  function  of  radius  are  correct. 
The  performance  is  underestimated  for  the  first  stage  and  underestimated  for 
the  second,  with  almost  perfect  compensation. 

The  total  temperature  ratio  is  well  predicted,  except  near  the  hub. 

The  angle  and  Mach  number  predictions  give  both  the  proper  trends  and  average 
values.  The  local  differences  are  due  to  the  heavy  secondary  flow  effects 
appearing  in  the  real  flow. 


/ 
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For  the  losses,  a constant  value  with  radius  is  assumed.  It  corresponds  quite  5 

well  to  the  averaged  measured  value.  One  has  : ; 


TABLE  3 


1st  nozzle 

1st  rotor 

2nd  nozzle 

2nd  rotor 

“calc  : 

17.2 

23 

19.5 

14.5 

B.  AUTHOR  no,  15 

Description  of  the  method  : 

The  program  is  of  the  streamline  curvature  type  but  is  not  based  on  any  published 
method.  It  has  been  specifically  developed  to  calculate  the  flow  in  the  low  pres- 
sure cylinders  of  large  steam  turbines  where  high  radial  velocity  components  and 
large  areas  of  supersonic  flow  can  occur.  } 

The  radial  equilibrium  equation  is  used  to  express  the  gradient  of  meridional 
velocity  along  an  arbitrary  quasi -orthogonal  (QO)  in  terms  of  the  gradients  of 
enthalpy,  entropy  and  angular  momentum  and  the  local  values  of  meridional  velocity 
and  streamline  curvai  *-e.  Components  of  blade  force  along  a quasi -orthogonal  are 
neglected. 

The  iterative  procedure  contains  3 loops.  An  inner  loop  in  which  the  velocity  along 
a QO  is  adjusted  to  satisfy  continuity  without  changing  the  fluid  properties  or  the 
RHS  of  the  radial  equilibrium  equation.  A central  loop  in  which  the  fluid  proper- 
ties and  radial  equilibrium  terms  are  changed  whilst  the  streamline  curvature  Is 
held  constant.  When  this  second  loop  has  been  completed  at  all  QO's  a complete  * 

radial  equilibrium  solution  is  obtained  using  the  current  guess  of  the  streamline 
curvatures.  In  the  outer  loop  the  streamline  curvatures  are  recalculated  and  the 
inner  loops  repeated  until  overall  convergence  is  obtained. 

Quas i -orthogonal s can  be  placed  in  duct  regions,  at  blade  row  leading  and  trailing 

edges  and  within  blade  rows,  they  can  be  inclined  at  any  angle  to  the  machine  axis  • 

so  the  calculations  can  be  performed  for  both  axial  and  radial  flow  machines.  The  , 

spacing  of  the  QO's  determines  the  streamline  curvature  relaxation  factor  and  hence 

the  number  of  main  loop  iterations.  Grid  aspect  ratios  of  up  to  about  15  can  be 

used  without  excessive  computation  times.  i 

Streamline  slopes  and  curvatures  are  obtained  by  simple  parabolic  curve  fits  since  i 

it  is  felt  that  practical  QO  spacing  (about  3 QO's  per  blade  row)  and  neglect  of  j 

non-ax i symmetric  terms,  do  not  justify  more  complex  curve  fits.  The  calculating  ; 

grid  is  formed  by  the  intersection  of  the  streamlines  and  QO's  and  so  the  grid  I 

points  move  as  the  calculation  oroceeds.  ! • - 

i -■ 

A subroutine  of  the  program  contains  an  approximate  formulation  of  wet  and  dry 
steam  properties.  This  calculates  all  other  required  properties  when  given  values  < ' 

of  enthalpy  and  entropy.  A perfect  gas  property  subroutine  can  be  substituted  ! 

when  necessary.  I tf 

l *■" 
i > 

! 

i 

i i 
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The  blade  outlet  (and  Internal)  flow  directions  are  input  as  data  and,  in  the 
absence  of  more  complete  blade  performance  data,  the  outlet  angle  is  taken  as 
cos*1  0/P  in  subsonic  flow.  For  supersonic  outflow  the  outlet  flow  direction 
is  obtained  by  apnlylrg  the  continuity  and  isentropic  rlow  relations  between 
the  throat  and  trailing  edge  so  the  outlet  direction  changes  as  the  calculation 
proceeds.  With  this  model  choking  (i.e.  maximum  mass  flow)  occurs  when  the 
relative  Mach  numbei  exceeds  unity  over  the  whole  of  the  trailing  edge  and  the 
mass  flow  does  rvot  chznge  if  the  outlet  Mach  number  is  increased  beyond  choking. 

Blade  los'.es  are  calculate^  using  correlations  for  profile  loss,  secondary  loss, 

wetness  loss  and  'eakage  loss.  The  secondary  loss  is  distributed  linearly 

between  hub  and  tip.  The  tip  leakage  flow  is  substracted  from  the  blade  flow  and  ; 

the  twj  flows  are  remixed  beyond  the  trailing  edge.  i 

The  basic  program  gives  solutions  at  a constant  specified  mass  flow,  however,  in 

practice  it  is  far  more  convenient  to  obtain  solutions  at  a specified  pressure 

ratio.  For  low  Mach  number  machines  M.e.  subsonic)  the  mass  flow  can  be  adjusted  1 

as  the  calculation  proceeds  to  sea’ ch  for  a specified  pressure  ratio.  However, 

for  multistage  machines  with  supersonic  flow  it  becomes  very  difficult  to  make  this 

procedure  converge.  A method  has  therefore  been  developed  whereby  the  continuity 

equation  is  overridden  by  a requirement  to  obtain  a specified  outlet  pressure.  The 

resulting  imbalai ce  in  mass  flow  is  useo  to  change  conditions  at  the  next  upstream 

trailing  edge  up.il  eventually  the  inlet  mass  flow  is  changed  and  the  continuity 

equativ  n is  satisfied  once  more. 

Tha  progt am  has  been  extensively  tested  against  experimental  data  from  large 
(500  MW)  steam  turbines  and  from  model  air  turbines.  It  is  generally  found  to 
give  gocd  agreement  with  measurements  provided  that  viscous  effects  are  small  and 
that  the  blade  outlet  flow  directions  are  accurately  specified.  In  many  cases 
the  accuracy  with  which  these  angles  are  known  limits  the  accuracy  of  the  calcul- 
ation. 

Results  of  the  calculation  : 

for  the  overall  performance,  Table  4 gives  the  comparison  : 

TABLE  4 


mred 

P0l/PU2 

Ap0 1 / P 02  ^ 

n 

an% 

Experiment 

4.82 

5.82 

0.8915/0.884 

Author  no. 15 

4.S6 

5.64 

3 

0.83 

6 

Additionally,  Author  15  has  calculated  the  performance  curve  at  100  % r.p.m. 

It  is  given  in  Fig. 5. 

For  the  local  quantities,  the  data  is  given  in  Figs.  6 to  8.  The  total  pressure 
and  temperature  ratio  evolutions  are  not  available.. 

The  angle  prediction  (Figs.,  6 and  7)  is  correct  on  average  and  in  fndancy, 
although  a little  farther  than  for  Author  5.  The  local  secondary  flow  effects 
are  not  predicted,  just  as  for  Author  5.  The  Mach  number  evolution  (Fig. 8)  is 
very  well  predicted  with  some  larger  difference  for  the  first  nozzle  outlet. 
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T'ie  information  on  1 os s coeffi  ;ien  s is  not  available. 


3.  RESULTS  FOR  TEST  CASE  II 


For  this  case,  a complete  performance  map  is  available,  but  no  traverse  data, 
except  on  absolute  iach  number  and  angle  relatively  far  from  the  last  rotor, 
for  the  nominal  point. 

There  were  four  participants  in  the  calculation  : 

no.  2 (Professi-r  Ch  Hirsch,  V.U.B,  Belgium) 

no. 15  (Dr.  Denton,  C.E.G.B.*  Great  Britain) 

no. 18  (NASA  Lewis  Research  Center) 

no. 28  (Drs.  Rick  and  Kurzke,  T.H.  Miinchen,  Germany) 

A.  AUTHOR  no.  2 

Description  of  the  method 


The  general  description  is  given  in  Paper  No. 5 of  the  proceedings  of  this  meeting. 
The  loss  correlation  is  the  classical  Ainley-Mathieson  correlation,  with  distri- 
buted secondary  losses. 

Results  of  calculation  : 


Calculations  ..ere  made  for  60  and  100  t nominal  speed.  The  results  are  presented 
in  Fig. 9.  The  agreement  is  quite  good  for  the  pressure  drop,  with,  at  a given 
pressure  ratio,  and  er^or  of  the  order  of  3 % in  mass  flow,  for  the  100  % speed 


curve.  The  maximum  error  in  efficiency 

The  comparison  with  the  traverse  data  i: 
is  very  good  for  the  temperature  ratio, 
small,  but  with  the  proper  shape.  Mach 
predicted,  except  very  near  the  hub  and 

The  angle  distribution  (Fig. 12)  has  the 
5°. 


is  of  2 %n . 

given  in  Figs.  10  to  12.  The  agreement 
while  the  calculated  pressure  drop  is  too 
number  profiles  (Fig. 11)  are  quite  well 
for  axial  Mach  number,  near  the  tip. 

correct  shape,  but  is  in  error  by  about 


B.  AUTHOR  No.  15 


Description  of  the  method  : this  has  been  given  under  section  2. 


Results  of  calculation  : 

For  the  o'erall  performance,  calculations  were  performed  for  the  100  1 speed  line 
only.  The  data  is  presented  in  Fig. 13. 


Comparing  to  a given  pressure  ratio,  the  error  on  mass  flow  is  as  follows 


P02/P0 1 

2.0 

2.5 

3.0 

mcal c’mmeas 

1.35 

+ 1.85 

+2.64 

meas 

The  efficiencies  are  overestimated  by  2.5  % about. 

For  the  traverse  data,  the  calculations  were  made  for  P02/Poi  = 2.63  (vs.  2.89  for 
the  experimental  data).  Mach  numbers  agree  very  well  indeed  (Fig. 14),  while  the 
angles  (Fig. 15)  are  different  by  more  than  10°. 


C.  AUTHOR  No.  18 

Description  of  the  method  (see  also  No.  28)  : 

Test  case  2 was  analysed  with  a computer  program  which  computes  the  off -design 
performance  of  multi-stage  axiai-flow  turbines.  The  program  is  applicable  to 
turbines  having  any  number  of  stages  up  through  eight  (8).  It  allows  for  a 
change  in  mean-section  radius  between  blade  rows,  and  includes  provisions  for 
radial  variation  in  loss  and  flow  conditions.  The  radial  variation  in  loss  and 
flow  conditions  is  calculated  at  up  to  six  (6)  radial  positions  at  the  radial 
center  of  fixed  area  sectors.  Each  sector  is  a quasi -one-dimensional  element 
and  the  radial  centers  are  joined  utilizing  simple  radial  equilibrium  at  the 
stator  exit  and  the  rotor  exit.  Semi-perfect  gas  properties  are  assumed  with 
variable  specific  heat  at  constant  pressure  and  variable  specific  heat  ratio. 

Gas  properties  may  be  input,  and  in  addition,  provision  is  made  to  incorporate 
gas  properties  as  a function  of  temperature.  Geometry  may  be  input  as  passage 
distributed  area  or  vector  flow  angle. 

Losses  are  incorporated  by  specifying  a constant  value  of  kinetic  energy  loss 
coefficient  and  an  incidence  loss  for  each  blade  row.  The  incidence  loss  model 
assumes  that  some  or  all  of  the  kinetic  energy  normal  to  the  flow  direction  is 
lost  upon  entering  each  blade  row. 

The  overall  performance  calculations  provided  a full  performance  map  (Fig. 16). 
Comparison  with  the  exprimental  data  is  given  in  Figs. 17,  18  and  19  for  100  %, 

80  % and  60  % nominal  speed,  respectively. 

The  shape  of  the  curves  is  correct,  with  a shift  towards  smaller  mass  flows,  and 
a somewhat  overestimated  efficiency.  More  particularly,  for  the  100  X curve, 
one  has  : 


P 0 2 / Pq  1 


1.5 


2.0 


2.5 


3.0 


racal c'mmeas 


meas 


-7.45 


-6.7 


-4.0 


-2.55 


tl 


"R 


The  maximum  fin  = — — — -^5-  is  1.5  % (at  given  pressure  ratio). 


meas 
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For  the  traverse  data,  the  results  are  given  in  Figs.  20,  21  and  22. 

0.  AUTHOR  No.  28 

Description  of  the  method  This  is  the  same  as  for  author  No.  18,  except  for 
some  aspects  of  the  correlation. 

In  relation  with  general  digital  computer  programs  for  calculating  the  off-design 
performance  of  complex  turbo-powerpl ants  a compilation  was  done  for  a relative 
cheap  off-design  turbine  program  having  a computing  time  less  than  5-10  sec.  for 
one  operating  point  of  a multi  stage  axial  turbine.  The  program  includes  provi- 
sions for  radial  variation  in  loss  and  flow  conditions.  For  test  case  2,  the 
radial  flow  conditions  were  calculated  in  5 sectors.  The  program  method  is  based 
on  the  procedure  and  computer  program  presented  in  NASA-CR-710  by  E.E.  Flagg. 

The  type  of  computer  was  Telefunken  TR  440  and  the  average  computer  time  was 
about  5 sec.  to  10  sec.  The  estimation  of  peak  efficiency  was  taken  from  : 

- Warner  L.S.  : ASHE  Paper  61-WA-37 

- Glassman  A.d.  : NASA  TN-D-6702 

The  method  for  computing  incidence  losses  is  equal  to  that  presented  in  : 

- Flagg  E.E.  : NASA-CR-710  (standard  option)  modified  according  fo  Fig. 23. 

The  uncertain  magnitude  of  the  incidence  losses  probably  gives  greater  differences 
between  the  calculated  and  measured  performance  maps  in  the  efficiency  range  lower 
than  about  75£. 

For  the  overall  performance,  full  performance  maps  were  calculated  and  are  given 
in  pigs.  24  and  2b.  The  comparison  with  experimental  data  is  given  in  Figs.  17 
and  18  for  100  % and  80  % nominal  speed.  Conclusions  are  the  same  as  for  Author 
No.  18, 

For  the  traverse  data,  the  comparison  is  made  in  Figs..  20  to  22. 


Additionaly,  the  calculated  loss  coefficients  for  each  blade  row  are  given  in 
Fig. 26. 


Fig.3  Stage  2,  Case  I,  author  5 F'g^  Case  I,  author  5 

Comparison  between  measured  and  predicted  absolute  outlet  angles  Comparison  between  local  calculated  and  measuted  relative  Mach  number 


482 


AUTHOR  15 


TEST  CASE  II  AUTHOR  IS 


Downstream  flow  angle  Overall  predicted  performance 


Fig.  17  Case  II  100%  speed,  authors  18  and  28  Fig  18  Case  II  80%  speed,  authors  18  and  28 

Comnarison  between  measured  and  calculated  overall  performance  Comparison  between  measured  and  calculated  overall  performance 
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Fig.26  Case  II,  author  28 
Calculated  loss  distribution  between  each  blade  row 
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ROUND  TABLE  DISCUSSION 


INTRODUCTION 

by  J.  Chauvin,  von  Karman  Institute,  Belgium. 

Summary  of  the  first  impressions  of  the  meeting 
N§§d_for_test_data 

It  is  very  difficult  to  obtain  test  data,  especially  on  multistage  machines,  which 
contain  all  the  information  that  we  want.  This  is  quite  normal,  in  view  of  the 
difficulty  of  carrying  detailed  measurements  in  real  machines,  not  specifically 
designed  for  obtaining  such  data. 

However,  now,  new  tools  have  been  developed  ; i.e.,  laser  velocimeters , which,  maybe, 
still  need  some  calibration,  but  already  show  their  great  usefulness,  as  seen  from 
the  data  presented  by  Dr.  Meyer  and  Mr.  Dunker. 

One  should  try  to  obtain  similar  data  for  multistage  machines,  and  maybe,  this  could 
be  obtained  by  a cooperative  program  between  research  establishments  who  could  share 
the  related  cost. 

Such  detailed  information  is  becoming  indispensable  because  the  computer  and  the  asso- 
ciated techniques  of  calculation  are  catching  up  with  experimentation.  We  can  now 
carry  out  quite  sophisticated  calculations,  like  those  of  Mr.  Thompkins.  He  needs 
some  25  hours  of  computing  time  on  a high  performance  computer.  This  seems  quite  a 
lot,  but  if  you  compare  the  cost  with  that  for  the  development  of  a compressor  or 
turbine,  it  is  not  that  high,  if  it  can  save  several  months  in  the  trial  and  errors 
process  traditionally  involved  in  designing  a successful  machine  (see  Mr.  Me  Kain's 
paper) . 

I think  that  we  can,  or  at  least  will  be  able  in  a not  too  distant  future,  to  treat 
numerically  more  realistic  physical  models.  Therefore,  we  need  refined  experiments 
to  provide  us  with  the  background  to  define  those  physical  models  which  will  be  more 
complicated  and  more  coherent  than  those  we  are  using  now.  The  laser  velocimeter 
off  rs  this  possibility. 

^20ByJiQ9.§H§!29il§ 

Ccming  to  the  computing  exercise,  it  is  clear  that  it  was  quite  a complicated  one,  in 
view  of  the  difficult  boundary  conditions.  Maybe,  we  should  have  given  some  other 
specifications  which  would  have  allowed,  on  one  hand,  to  evaluate  the  qualities  of 
the  numerical  methods  used  to  solve  the  equations,  and  on  the  other  hand,  what  we 
can  predict  with  the  correlations. 


We  have  had  approximately  a 50?  drop  out  of  the  people  who  intended  to  carry  out  the 
calculations.  From  private  conversations  before  and  during  this  meeting,  this  fact 
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is  due  to  the  expenses  requested  in  time  and/or  money. 

We  have  indeed  asked  for  quite  complicated  analysis  calculations,  while  in  most  cases, 
the  computer  programs  are  made  for  design  performance  evaluation.  For  some  of  those 
programs,  it  turns  out  to  be  very  cumbersome  and  complicated,  and  therefore  costly, 
to  introduce  the  data  for  an  analysis  approach. 


It  is  my  experience  that,  when  you  develop  a computer  program,  you  use  it  for  a limited 
numter  of  problems  ; for  instance,  design,  but  you  do  not  make  the  final  effort  to 
bring  it  to  an  industrial  stage,  i.e.,  render  it  versatile,  especially  for  the  data 
i nput. 

This  effort  has  to  be  made.  The  prime  need  's  now,  I think,  for  off  design  analysis, 
and  our  programs  have  to  be  made  fully  operational  for  that  kind  of  problems. 


Again  from  private  conversations,  I could  understand  that  quite  a lot  of  problems  were 
encountered  in  getting  the  computation  to  converge  tc  a solution.  It  has  been  known 
that  in  some  cases,  for  the  streamline  curvature  approach,  one  seems  to  converge  on  a 
solution  and  if  you  go  on  calculating,  you  start  converging  on  an  other  one  (see 
Frith,  ref.l,  for  instance).  This  never  happens  with  the  finite  element  approach. 

In  many  cases,  you  can  also  obtain  non  physical  solutions,  i.e.,  containing  return  flow 
regions,  and  this  can  be  avoided  only  if  you  have  a good  estimation  of  the  blocage 
factors  (see  Frith,  ref.l,  again). 

Comguted.data 

It  is,  of  course,  too  early  to  draw  definite  conclusions.  However,  we  might  say  that 
for  the  turbine  cases,  we  are  not  too  bad  off  in  predicting  the  overall  performance. 
Slight  corrections  for  mass  flow  (of  the  order  of  a few  %)  bring  the  calculated  data 
quite  close  indeed  to  the  experimental  ones.  For  the  detailed  flow  characteristics, 
the  trends  are  correct,  but  nohody,  of  course,  was  able  to  predict  the  large  local 
changes  due  to  secondary  flows  as  measured  for  the  first  test  case. 

For  the  compressors,  it  was  pointed  out  that  even  the  performance  map  prediction  was  not 
too  satisfactory,  even  if  the  way  in  which  the  input  for  the  calculation  was  given  was 
quite  unusual  for  some  people.  We  most  certainly  must  do  something  about  it. 

It  is  clear  that  we  have  to  improve  on  the  existing  modelling,  or  maybe,  to  go  to  new 
ones,  depending  on  what  we  want  to  achieve.  We  will  have  to  go  back  home  and  think 
more  deeply  about  those  results. 


lD^C2^y£5i2D_i2_5b®_dl§£y§§i2D 

To  start  the  discussion,  I would  like  to  raise  some  fundamental  points  which  did  not 
appear  explicitely  during  our  meeting.  The  first  one  is  in  the  form  of  a question 
Is  the  through  flow  method  a valid  model,  and  a valid  tool  ? I will  give  a tentative 
and  personal  answer,  and  no  doubt  my  colleagues  here  who  are  more  verseu  in  the  field 
than  I am  will  comment  on  the  subject. 

The  mathematical  model  is  certainly  quite  sound  for  its  treatment  of  the  "duct"  part  of 
the  flow.  When  attempting  to  describe  what  happens  inside  the  blade  rows,  it  is  partly 
non  physical.  For  instance,  and  here  again  I am  inspired  by  ref.l,  once  the  stream 
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surfaces  going  through  the  blades  are  defined,  the  model  assumes  that  the  rothalphy  is 
constant  on  those  surfaces.  We  know  that  if  we  have  strong  secondary  flows  or  centri- 
fugration  in  the  wakes  as  described  earlier  by  Mr.  Cox,  there  will  be  mixing  between 
different  regions  and  transfer  of  energy.  In  reality,  a streamline  coming  in  at  the 
blade  tip  can  come  out  at  the  root.  This  kind  of  mechanism  is  certainly  not  described 
by  the  model  . 

In  the  recent  analysis  by  ^rith  (ref.l),  prepared  for  a meeting  held  at  the  Australian 
Aeronautical  Laboratory  (Melbourne),  earlier  this  year,  the  author  discusses  his  problem 
in  trying  to  apply  an  analysis  program  to  a seven  stage  Viper  compressor.  (His  method 
uses  the  duct  flow  plus  actuator  blade  aporoach  and  is  not  a full  through  flow  one). 

He  had  a lot  of  difficulties  - like  us  - in  predicting  the  off  design  performance  and 
could  only  achieve  results  when  using  the  experimentally  measured  biocage  factors. 

Or.  Denton  nas  presented  us  a similar  fact  this  morning  : he  would  get  the  right  local 
flow  distribution  only  when  using  the  experimental  flow  angles. 

This  is  typical  of  the  problem  we  run  into  when  using  either  a true  through  flow  or  a 
duct  flow  plus  actuator  disk  method.  With  the  kind  of  equations  used,  one  can  obtain 
satisfactory  results  by  using  a set  of  cot i el ati ons  coherent  with  the  particular 
approach  chosen.  What  I mean  is  that  if  it  is  desired  to  improve  the  overall  perform- 
ance prediction,  one  can  work  quasi  indifferently  cn  ar.y  of  the  correlations  influencing 
any  particular  term  in  the  equations  : correlation  for  loss,  angle,  blocage,  etc... 

The  through  flow  is  a simple  model  and  therefore  cannot  be  expected  to  account  for  the 
full  complexity  of  the  real  phenomena.  As  a tool  , however,  the  method  is  excellent.  It 
has  its  limitations  that  have  to  be  realised  beforehand.  It  is  extremely  useful  for 
design  and  analysis  even  if  approximate.  It  has  the  advantage  of  being  quite  fa;t,  once 
a versatile  input  section  is  provided.  It  is  fast  enough  so  that  it  can  be  run  several 
times  a day.  This  can  easily  provide  a good  feeling  for  the  quality  of  the  design  in  its 
whole  range  of  operation,  at  the  initial  stage. 

Now,  we  can  wonder  if  it  is  really  necessary  to  make  it  as  complicated  as  we  do,  to 
achieve  relatively  simple  results.  When  you  see  what  Jean  Fabri  has  achieved  in  perform- 
ance prediction  with  his  desk  computer,  you  can  ask  that  question. 

Improvements 

I think  that,  however,  it  can  still  be  pushed  to  rather  high  level  of  sophistication, 
like  Mr,  Thiaville  and  Mr.  Cox  have  shown,  to  obtain  a measure  of  flow  description  i ■ side 
the  blading,  for  instance,  for  the  complicated  cases  of  flows  in  fans,  or  large  L.P. 
turbine  stages. 

We  have  seen  earlier  evidence  that  the  assumption  of  linear  variation  of  the  flow 
characteristics  through  the  blading  is  not  enough  to  give  a realistic  answer.  A more 
refined  approach  has  been  described  in  his  paper  by  Mr.  Cox. 

I am  persuaded  that  we  could  acquire  very  useful  information  by  using  consistently  and 
systematically  the  tools  already  available  to  calculate  the  blade  to  blade  flow.  There 
exist  fairly  reliable  and  quick  methods,  even  for  the  transonic/supersonic  regions, 
which  can  account  for  streamtube  divergence  and  effect  of  rotation  in  wheels  when  there 
is  a streamline  shift.  This,  at  the  present,  would  be  valid  for  non  separated  flows, 
of  course,  but  it  would  bring  us  a little  farther  in  establishing  better  correlation 
for  off  design  conditions. 
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This  approach  would  also  be  no;,  valid  in  the  regions  near  the  end  walls.  This  brings 
me  Ao  another  point  that  1 would  like  to  raise,  namely  the  problem  of  secondary  flows. 

There  are,  for  the  moment,  two  approaches  available,  especially  for  the  compressor 

case . 


One  is  the  original  historical  one,  i.e.,  a blocage  or  a displacement  thickness  is 
calculated  and  the  through  flow  calculation  is  applied  in  the  supposed  inviscid  region. 
The  secondary  flow  losses  are  introduced,  through  correlations,  in  the  entropy  term. 

For  the  momer r,  however,  the  other  secondary  flow  effect,  i e.,  the  modification  of  the 
flow  angle,  is  not  accounted  for. 

Dr.  Marsh  has  shown  us  (and  there  are  several  other  methods  besides  his)  that  the  tool 
exists,  at  lease  to  give  an  order  o-f  magnitude  of  the  correction.  As  for  now,  these 
methods  a~e  based  ’ non-vi scous  vortex  stretching  approach,  and  have  been  applied  to 
non  twisted  ,'lane  ciscode.  They  can  be  quite  easily  extended  to  twisted  blading  and 
should  provide  a mean  ><.r  improving  the  correlations  on  deviation  angle.  Trial  is  one 
of  the  things  which  cry  : be  done  in  the  very  near  future. 

The  other  approach,  o'-'  the  Mellor-Marsh  type,  tries  to  calculate  a pitch  averaged  end 
wall  boundary  layer,  taxing  ii to  account  the  pseudo  Reynolds  stress  coming  from  the 
non  axisymmetric  and  ursteady  nature  of  the  flow,  this  approach  is  attractive,  in  the 
sense  that,  potentially,  it  can  provide  a bloca.,e  which  is  calculated  taking  into  account 
the  relative  blade  motion  (leading  to  the  well-known  asymptotic  boundary  layer  state,  in 
compressors)  ; it  provides  additional  losses  due  to  end  wall  effect  (including  clearance) 
and  in  Mollor’s  idea,  it  a'SO  provides  the  equivalent  of  the  "work  done  factor"  intro- 
duced a number  of  years  ago  in  the  British  Compressor  Design  System,  by  assuming  that 
the  energy  transferred  to  the  end  wall  region  is  lost. 

Hirsc);  has  recently  tried  to  provide  more  detailed  information  from  this  kind  of  calcul- 
ation, by  introducing  particular  pseudo  boundary  layer  stream  and  cross-wise  velocity 
profiles.  He  has  shown  that  a grea'-  accuracy  was  not  required  in  the  definition  of  those 
prof i 1 es . 

Measur  *r.ients  a ~i  being  done,  at  the  moment,  among  others  by  Mr.  Me  Kain,  at  Allison,  by 
Dr.  Papailiou,  at  Ecole  Centrale  de  Lyon,  and  by  the  groups  of  Professor  Hirsch  and  mine 
(Professor  Breugelmans)  at  V K I . 

If  the  velocity  profiles  are  right,  then  a loss  and  angle  distribution  can  be  readily 
calculated  in  the  end  wall  region,  as  iorg  cs  one  can  define  a boundary  layer  region. 

This  is  not  always  the  case,  especially  for  HP  turbines  and  compressors,  where  the  flow 
can  be  fully  developed. 

I personally  think  that  tie  two  methods  will  converge  to  a pseudo  3-D  approach  taking 
ir.to  better  account  the  physics  of  the  phenomena  which  could  extend  the  validity  of  the 
nice  tool  that  we  have  with  the  through  flow  calculation  methods. 


Ref.l.  D.A.  FRITH  : Through  Flow  Method  for  Axial  Flow  Turbomachines. 

An  Evaluation  of  Current  Methods.  Preprint  of  ARC  Workshop  on 
"Flow  Through  Turbomachinery"  Feb.  19?C,  Me’bourne,  Australia. 
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Mr.  He  KAIN  (Detroit  Diesel  Allison,  USA) 

The  primary  emphasis  of  this  meeting  has  been  on  the  off-design  or  analysis  capabilities 
of  existing  through-flow  calculations.  This  is  a very  difficult  problem  which  is  highly 
dependent  upon  the  viscous  characteristics  of  the  airfoils  and  endwalls.  In  many 
instances,  especially  far  from  the  design  point,  these  viscous  effects  can  overpower  the 
inviscid  aerodynamics  and,  if  not  handled  accurately,  any  analysis  procedure  can  lead  to 
incorrect  results.  In  relation  to  this  problem,  it  appears  as  if  not  much  progress  has 
been  made  in  the  past  few  years.  The  solution  of  the  inviscid  portion  of  the  equations 
has  been  accomplished  with  various  techniques  such  as  streamline  curvature  and  matrix 
methods,  and,  to  the  best  of  my  knowledge,  the  differences  are  not  of  great  magnitude. 
The  portion  of  the  problem  which  forces  me  to  go  through  a number  of  development  cycles 
to  get  a final  compressor  design  has  not  been  addressed  to  completely.  Improved  viscous 
models  must  be  incorporated  into  our  calculations.  The  3-D  approach  with  viscous  terms 
included  is,  of  course,  the  way  to  go.  This  has  not  yet  been  accomplished  satisfacto- 
rily. Therefore,  if  we  are  going  to  continue  to  use  the  same  basic  techniques  in  terms 
of  equations  and  assumptions  and  do  not  want  or  cannot  go  to  the  3-D  viscous  approach, 
then  the  point  to  attack  is  the  development  of  better  viscous  models.  Mr.  Carter  spoke 
of  some  of  the  viscous  effects  yesterday.  I agree  with  some  of  his  comments  but  not 
all.  I do  believe  we  have  made  some  gains  and  do  believe  we  have  been  able  to  design 
better  compressors  (I  have  to  talk  compressors  because  I am  not  a turbine  man).  One  of 
the  biggest  gains  occurred  when  the  computers  allowed  us  to  use  equilibrium  solutions 
as  a part  of  our  every  day  design  work.  I believe  that  helped  and  what  we  are  trying 
to  accomplish  with  our  research  is  to  develop  better  methods  by  which  we  can  reduce  the 
number  of  development  cycles  required  for  any  turbomachine  component.  I would  hope  but 
be  very  surprised  if  that  number  of  cycles  could  go  to  one  ’n  the  foreseeable  future. 

I feel  that  with  better  techniques,  especially  with  regard  to  the  viscous  effects  and 
blade-to-blade  analyses,  designers  can  make  progress  towards  this  goal.  Effort  must 
also  be  expended  to  better  understand  such  phenomenon  as  secondary  flows,  tip  clearance 
leakage  and  streamline  communication.  We  have  observed,  for  examp’e,  that  the  flow  in 
the  last  stator  of  an  HP  compressor  is  non-adiabatic  on  a streamline  (i.e.,  there  is  a 
total  temperature  change  along  a particular  streamline).  We  have  made  measurements  of 
total  temperature  before  and  after  the  stator  which  showed  this,  especially  in  low 
aspect  ratio  blading.  What  is  the  mechanism  behind  it  ? This  is  one  of  the  questions 
we  need  to  have  answered.  To  summarize  my  feelings,  I believe  more  basic  research 
should  be  conducted  on  the  viscous  effects  and  blade-to-blade  analyses  with  less 
emphasis  placed  upon  new  methods  of  evaluating  the  same  general  equations  with  the  same 
assumptions . 


Mr,  J.M.  THIAVILLE  (SI1ECMA , France) 

If  one  observes  the  results  of  the  calculations  presented  this  morning,  one  could  think 
that  the  duct  flow  calculations  are  better  than  the  through  flow  ones.  I think  that, 
for  design,  through  flow  allows  to  design  better  turbine  and  compressor,  especially  fan- 
type  compressors.  In  this  latter  case,  we  would,  using  through  flow  calculations, 
determine  the  streamtube  thickness  distribution  inside  the  blade  row,  and  with  that 
thickness  distribution,  calculate  blade  shapes  with  an  inverse  bl ade-to-bl ad •:  method. 

I think  that  if  you  do  not  define  and  build  good  profiles,  you  do  not  need  through  flow 
calculations.  On  the  contrary,  using  a through  flow  calculation  even  not  perfect, 
using  streamtube  thickness  distribution  to  calculate  good  profiles,  as  compared  with 
others,  as  for  instance  cascade  experiments  with  contOu. ed  side  walls,  you  can  really 
obtain  better  machines,  especially  fans. 
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Indeed,  for  fans,  the  secondary  flow  problem  - and  I agree  with  Professor  Chauvin  to 
say  that  it  is  important  in  compressor  at  large  - hub-tip  ratio  is  less  predominant 
than  in  the  HP  part.  For  the  fan  case,  we  can  afford  to  use  secondary  flow  approxi- 
mations which  would  not  be  acceptable  for  the  HP  sections.  For  those  sections,  I think 
that  we  have  to  do  some  progress  in  the  direction  of  a better  evaluation  of  secondary 
flows  and  their  effects,  i.e.,  of  the  viscous  part.  Another  point  that  J would  raise 
is  related  to  the  question  of  Professor  Lewis  on  my  paper  for  the  case  of  transonic 
compressor.  In  that  case,  in  the  S-l  surface,  you  have  supersonic,  transonic  and  sub- 
sonic zones.  The  S-l  solutions  are  essentially  different  at  the  different  radii.  On 
the  S-2  surface  (or  one  could  say  for  the  quasi  3-D  solution),  the  calculations  would 
not  be  too  physical . 


However,  for  the  design  case,  we  do  not  need  really  3-D  solution  inside  the  blade  row, 
and  if  your  through-flow  solution  is  not  too  far  from  the  real  physical  phenomena,  we 
can  make  some  progress  in  our  design  calculation.  The  off  design  performance  predic- 
tion is  another  matter.  We  could  see  that  there  is  some  progress  to  be  made  in  comp- 
ressor overall  characteristic  prediction.  I think  that  we  have  all  losses  and  devia- 
tions scheme  which  are  adapted  for  our  own  special  cases  and  if  we  try  ti  apply  them 
to  compressors  or  turbine  built  by  others,  it  is  very  difficult  to  obtain  good  data. 


Dr.  J . DUNHAM  (NGTE,  United  Kingdom) 


If  I speak  bluntly,  it  is  only  to  provoke  disagreement  ! First,  I would  like  to  repeat 
that  the  use  of  streamline  curvature  duct  flow  calculation  historically  greatly  helped 
in  the  development  of  successful  compressors,  and  especially  successful  fans,  for  the 
current  generation  of  aero-engine.  I do  not  think  that  without  these  methods  of  calcul- 
ation, we  should  have  had  such  successful  record.  They  have  played  an  important  part. 
But  at  the  same  time,  they  have  sometimes  given,  and  still  continue  to  give,  misleading 
information  in  some  cases.  In  other  words,  the  calculations  tell  us  the  wrong  thing. 
Therefore,  more  work  must  be  done.  We  carnot  be  complacent  with  our  existing  methods. 

We  certainly  do  need  to  improve  them  in  various  respects. 


The  second  point  I want  to  make  is  that,  as  far  as  overall  performance  characteristics 
are  concerned  ^pressure  ratio  or  efficiency  or  flow),  we  do  not  use,  I think,  through 
flow  or  duct  flow  calculations  of  any  kind.  We  use  one-dimensional  calculations,  for 
both  compressors  and  turbines.  If  we  want  to  achieve  the  best  overall  characteristic 
prediction  on  the  various  graphs  shown  earlier  today,  we  would  not  do  it  by  any  of  the 
methods  we  have  been  discussing  this  week.,  I think  that  we  use  those  methods  for 
detailed  analysis  and  design  subsequently. 


Thirdly,  the  only  conclusion  that  I have  been  able  to  draw  immediately  from  tnis  after- 
noon is  that  we  are  probably  in  a better  position  for  turbines  than  for  compressors, 

probably  because  the  turbine  is  a less  sensitive  machine.  Certainly  we  need  to  improve 

the  situation  on  compressors  rather  more  than  we  need  to  improve  the  situation  on 

turbines . 


The  next  point  I want  to  make  is  that,  if  you  do  comparisons  of  this  type  with  compressors 
or  turbines,  what  you  should  specify  in  order  to  define  the  operating  condition  is  the 
pressure  ratio,  and  let  the  mc.S'’  flow  work  itself  out.  A number  of  people  have  made  this 
point  and  to  be  honest  a number  of  members  of  the  program  committee  here  made  this 
recommendation  a long  time  ago,  but  it  was  not  adopted.  I hope  it  is  now  agreed  that 
next  time  we  specify  the  pressure  ratio. 


Coming  to  the  methods,  each  must  contain  a calculation  framework,  loss  assumptions, 
angle  assumptions  and  blockage  assumptions.  As  far  as  the  calculation  framework  is 
concerned,  this  appears  satisfactory.  If  you  use  Wu's  approach,  and  you  are  going  *o 
go  within  the  olade  row,  you  do  have  some  problems,  as  we  have  seen.  For  instance,  axial 
velocity  ratio  is  a helpful  parameter  but  it  does  not  tell  you  really  all  the  right 
things  about  what  is  happening  within  the  blade  row,  because  the  pressure  surface  and 
the  suction  surface  effects  are  different.-  We  cannot  cope  with  these  effects  in  the 
framework  of  the  present  method.  They  do  not  appear  to  me,  at  the  moment,  to  cause 
serious  inaccuries. 


As  far  as  the  methods  -themselves  are  concerned,  it  appears  it  is  a good  thing  to  have  a 
grid  with  the  major  axis  roughly  parallel  and  normal  to  the  streamlines.  Again,  it  is 
up  to  individuals  with  programs  to  consider  that. 

Do  we  need  through-flow  calculations  or  do  we  need  only  duct  flow  calculations  ? This 
is  one  question  which  comes  up  quite  regularly.  The  one  reason  for  supposing  that  we 
need  through-flow  calculations  that  seems  to  me  very  important  is  that  if  you  have  non- 
radial  blading  (none  of  the  examples  which  have  been  given  to  this  meeting  have  non- 
radial  blading)  then,  if  you  do  a duct  flow  calculation,  you  cannot  get  the  static 
pressure  gradient  across  the  annulus  correctly.  You  have  to  go  to  the  through-  flow 
calculation  to  do  that,  as  far  as  I am  aware,  at  the  moment.  I wish  that  we  could 
develop  the  duct  flow  calculation  to  avoid  that  problem. 

Angles  : I believe  we  should  develop  the  secondary  flow  approach  to  them  and  modify  our 
angles  near  the  ned  of  the  blades.  I believe  that  the  selection  of  oJtlet  angle  or 
deviation  is  probably  the  most  important  single  factor  which  makes  ojr  predictions  bad 
if  they  are  bad.  It  is  much  more  important  to  get  the  angle  distribution  right  than 
the  loss  distribution. 

As  far  as  losses  are  concerned,  we  must  recognize  that  a lot  of  the  loss  correlations 
that  exist  in  the  world  exist  in  the  firms,  and  we  have  not  seen  them  this  week,  either 
presented  or  applied.  Even  so,  my  impression  is  that  the  loss  correlations  are  probably 
reasonable,  but  we  ought  to  be  able  to  do  something  about  radial  movement  of  losses, 
because  they  do  matter  in  certain  circumstances,  particularly  if  you  have  part  span 
shrouds.  I believe  it  to  be  entirely  unsatisfactory  that  the  standard  NASA  method  should 
have  a loss  multiplying  factor  which  is  function  of  radius.  Somebody  ought  to  do  some- 
thing about  that  ! 

Blockage,  again,  is  a mojor  factor  in  multistage  compressor  performance  prediction.  If 
you  cannot  get  the  blockage  right,  then  the  whole  of  the  matching  calculation  ’S  wrongs 
and  this  is  very  serious  for  a compressor.  I believe  some  work  is  still  necessary  for 
blockage  factor  calculation.  Again,  this  is  a thing  on  which  firms  have  various  correl- 
ations but  they  are  not,  at  the  moment,  on  the  whole,  too  scientific. 

My  summary  for  action  is  first  of  all  that  we  keep  our  current  streamline  curvature  duct 
flow  methods,  maybe  looking  at  grids  and  convergence  in  particular  cases.  Secondly, 
that  we  have  to  try  to  solve  the  problem  of  putting  non-radial  blading  forces  (body 
forces  pushing  the  flow  inwards  or  outwards)  into  the  context  of  the  duct  flow  model. 

This  is  a thing  we  do  not  know  how  to  do  at  the  moment. 


Thirdly,  I believe  that  we  need  to  develop  the  secondary  flow  approach  along  the  lines 
proposed  by  Marsh  to  give  us  outlet  angle  correction,  for  tip  clearance  effects  as  well 
as  straightforward  secondary  flow  effects. 
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Then  we  need  to  develop  methods  of  predicting  the  development  of  annulus  wall  boundary 
layer  blockaqe,  to  include  also  tip  clearance  effects.  We  need  also  to  account  for 
radial  movement  of  losses,  and  if  we  are  going  tc  try  to  concentrate  losses  near  the 
end  of  blading,  we  are  going  also  to  have  to  solve  the  problem  of  what  to  do  after  the 
first  blade  row  to  dissipate  this  loss  somewhat,  because  you  canrot  assume  these  losses 
accumulate  at  the  ends  of  the  blade  row.  That  is  disastrous,  we  tried  it. 

As  far  3-0  techniques  are  concerned,  I do  not  see  myself  the  3-D  techniques  ever  being 
a design  o>-  development  tool.  I see  them  as  being  an  excellent  research  tool  which 
should  help  us  to  put  our  2-0  duct  flow  calculation  into  a better  light,  but  not  ever  as 
a design  tool . 


Dr  H.  WEYER  (DFVLR , Germany) 

Concerning  design  techniques  for  industrial  application,  there  is  a need  for  very  simple 
design  methods,  however  reliable.  I could  not  imagine  that  computing  times  of  10  hours 
or  more  are  acceptable  for  industry. 

We  n ed  through  flow  calculation  in  the  sense  that  Dr.  Dunham  mentionned , but  we  need 

them  also  as  an  initial  step  for  calculations  on  S-l  surfaces  for  blade  design.  It  is 

my  opinion,  however,  that  current  through  flow  calculations  uo  not  work  in  all  cases 
where  are  steep  gradients  of  the  flow  parameters  over  the  blade  oitch.  We  have  learned 
this  fram  the  comparison  between  detailed  measurement  and  through  flow  calculation. 

Performing  calculation  on  mean  S-2  surfaces  is  based  on  the  assumption  of  an  axisymmetric 
flow  field.  If  I think  aoout  transonic  compressors,  there  we  have  in  the  inlet  blade 

region  those  shock  waves  and  calculating  on  mean  S-2  surfaces  means  that  we  use  mean 

values  of  all  flow  parameters  mixed  from  supei  sonic  to  subsonic  flow  regions  because 
we  make  the  average  ac-oss  the  shock  wave.  In  those  cases  of  mixed  flow  'subsonic- 
supersonic)  with  steep  gradient,  ! guess  we  have  to  leave  axisymmetric  flow  assumption 
and  to  define  a mean  flow  averaged  on  a normal  to  a mean  S-2  surface.  There  is  another 
aspect  of  through  flow  calculation  already  often  discussed  during  th’s  meeting  : the 

current  design  techniques  all  use  loss  and  flow  angle  correlations.  There,  a lot  of 
activity  is  still  recessary  in  the  near  future  to  improve  those  correlations  for  profile 
loss,  secondary  and  end  wall  loss,  and,  of  course,  for  the  flow  angles.  In  the  moment, 
this  is  of  high  practical  interest,  however,  in  parellel,  analytical  techniques  to 
calculate  blade  and  wall  boundary  layers,  secondary  flows,  etc...,  must  be  developed  to 
replace  the  appropriate  empirical  correlations. 


QUESTIONS 

1.  Dr.  M.  MOORE  (CEGB,  Un' ved  Kingdom)  Do  cascade  tests  reproduce  accurately  turbine 
and  compressor  blade  section  performance  when  the  flow  is  not  separated  and  allowance 
is  made  for  streamtube  diffusion  across  the  blade  ? 

Mr.  Me  ‘'AJN  (Detroit  Diesel  Allison,  USA)  : The  way  in  which  we  use  cascades  now  is 

more  on  a relative  basis.  When  we  are  talking  cas'ades  now,  it  is  usually  the  super- 
sonic sections  which  are  of  primary  interest.  Our  cascade  work  is  geared  for  particular 
applications.  We  investigate  different  design  philosophies  for  the  same  aerodynamic 
duty  on  a cascade  basis.  The  best  configuration  determined  from  this  data  is  then  used 
for  the  actual  rotor  or  stator. 
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Hr.  J.M.  TH1AVILLS  (SNECMA,  France)  : The  problem  is  : are  the  cascades  represent- 
ative of  the  real  machines  ? We  do  use  experiments  in  plane  or  annular  cascades.  The 
problem  of  the  representati vi ty  is  that,  if  you  use  plane  cascades,  the  flow  is  not 
exactly  two-dimensional.  As  you  have  to  use  blading  systems,  even  if  you  are  never 
representative  of  the  real  machines,  you  can  compare  different  profiles  and  also  validate 
cascade  calculations  on  that  sort  of  experiment,  especially  for  the  supersonic  cases. 

If  you  use  annular  cascade,  the  representativi ty  of  the  periodicity  of  the  flow  is 
insured,  you  have  also  three-dimensional  effects,  like  in  the  real  machines,  but  they 
are  not  the  same.  The  problem  of  representation  is  different.  However,  in  this  case, 
like  in  the  preceding  one,  you  can  compare  and  validate  some  through  flow  calculations 
for  example. 

Dr.  J.  DUNHAM  (NGTE,  United  Kingdom)  : In  the  case  of  turbines,  I do  not  think  that 

one  should  do  cascade  tests  to  form  a data  base.  One  should  rely  on  calculations  (I  do 
not  think  that  can  be  said  to  apply  to  the  very  high  Mach  number  steam  turbine  case, 
but  *o  the  gas  turbine  cases).  I think  we  should  try  to  achieve  the  same  thing  in 
compressors.  Adequate  methods  for  blade-to-blade  calculation  in  the  transonic  range 
are  apnearing  and  when  we  will  have  them  we  should  use  theory  as  a design  tool,  and 
not  c .cade  tests. 

Dr,  H.  WEVER  (DFVLR,  Germany)  : Cascade  tests  or  not,  that  is  a question  of  philoso- 

phy I think.  In  the  compressor  field,  there  are  two  aspects  for  the  cascade  research 
work.  One  is  to  help  improving  the  fundamental  understanding  of  compressor  flows, 
^specially  in  the  supersonic  regime.  On  the  other  side,  cascade  testing  is  very  useful 
to  us  to  find  out  what  are  losses  and  deviation  angles  for  prefiles  corresponding  to 
advanced  machines,  like  the  transonic  ones.  We,  at  DFVLR,  spend  a lot  of  activity  to 
improve  the  oesign  techniques  for  transonic  compressors,  and  all  the  cascade  data  avail- 
able to  us,  from  our  own  wind  tunnels  as  well  as  from  the  litterature,  helped  us  to  come 
up  with  a loss  correlation  which  works  quite  well.  So  I think  that  cascade  tests  are 
partly  useful.  However,  the  plots  of  constant  Mach  number  lines  (measured  by  laser 
velocimeter  in  the  transonic  compressor)  that  I showed  to  you  earlier,  illustrate  at  least 
for  certain  cases,  quite  severe  differences  with  the  picture  obtained  in  cascades. 
Remembering  the  figure  at  89  % of  blade  span,  the  most  evident  difference  is  that  .he 
Mach  lines  are  no  longer  straight.  That  is  probably  due  to  the  outer  wall  boundary 
layer  and  to  other  heavy  3-0  effects.  In  summary,  I still  think  that  cascade  work  is 
necessary  to  understand  what  happens  and  to  proviae  useful  information  or  cascade  loss 
and  angle,  as  long  as  wa  cannot  calculate  them. 

Mr,  Me  KAIN  (Detroit  Diesel  Allison,  USA)  : It  is  very  difficult  to  use  high  Mach 

number  cascade  data  for  general  design  system  correlations  as  has  been  done  for  low 
speed  airfoil  sections.;  The  low  speed  sections  were  generally  cf  a consistent  series 
such  as  NACA  or  "C"  series  with  constant  meanline  shape  and  thickness  distributions. 

These  types  of  consistent  sections  lent  themselves  better  to  correlations  tian  oo  the 
current  high  Mach  number  sections.;  These  new  sections  are  more  arbitrary  in  both 
meanline  shape  and  thickness'  distribution  and  tailored  for  specific  applications.  It 
would  be  a very  large  undertaking  to  form  a data  base  (loss  correlation  and  deviation 
rules)  from  these  arbitrary  sections  because  there  are  :j  many  variables  which  are 
required  to  define  the  section. 


m . 
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Dr.  R.L.  ELDER  (Cranfield  Insitute  of  Technology,  United  Kingdom)  : Would  the  Panel 

line  to  comment  on  the  ability  of  through  flow  techniques  to  handle  off  design  cases  of 
multistage  compressors,  particularly  towards  stall.  Clearly,  if  this  is  to  be  achieved 
separation  effects  have  to  be  incorporated  into  the  various  models  described.  If  this 
is  done,  would  the  Panel  briefly  mention  the  methods  and  their  success. 


Prof,  J.  CHAUVIN  (VKI,  Belgium)  :•  As  the  time  left  is  short,  we  cannot,  unhappily, 
discuss  this  interesting  question  at  length.  I think  that  we  all  agree  that  separated 
flows  are  occurinj  at  off  design  even  before  surge.  There  are  steady  separation  and 
unsteady  ones,  like  rotating  stall.  Progress  is  made  in  the  prediction  of  rotating 
stall.  Progress  is  also  being  made  in  theoretical  blade-to-blade  calculations  with 
slightly  or  more  highly  separated  flows.  You  can  also  get  by,  I suppose  {like  shown 
in  Mr.  Cox's  paper),  using  the  simple  model,  with  a proper  loss  and  turning  evolution 
in  function  of  some  "carefully  selected  parameters"  (incidence,  Mach,  AYR,  etc  — ). 


QUESTIONS  FROM  AUDIENCE 

Dr.  H.  MARSH  (Durham  University,  United  Kingdom)  •:  I would  Mke  to  ack  a supplement- 

ary question  to  Dr.  Moore's  queery  on  the  validity  of  cascade  test.  The  Panel  did  not 
refer  to  the  problem  of  turbulerce  or  unsteadiness  that  is  present  in  the  macnine  and 
not  in  the  cascade  testing.  Is  it  important  ? If  you  test  an  isolated  airfoil,  you  get 
a behaviour  which  ’s  very  different,  which  varies  depending  on  the  turbulence  level. 

It  could  well  be  tiue  also  with  the  cascade. 

Dr.  J.  DUNHAM  (NGTE,  United  Kingdom)  : I suspect  that  in  the  Reynolds  number  range 

of  interest  in  the  aerogas  turbine,  the  uncertainty  in  turbine  performance  (not  in  heat 
transfer)  associated  with  different  free  stream  turbulence  levels  is  one  of  the  smaller 
uncertainties  involved.  In  other  words  the  errors  from  this  turbulence  effect  in  pre- 
dicting turbine  losses  are  small  compared  with  other  things  we  know  ever,  less  about. 


mr 


Dr.  R.  PARKER  (University  Colleqe  Swansea,  United  Kingdom)  : I was  going  to  raise 
the  question  of  unsteadiness  in  a slightly  different  context.  I feel  that  when  unsteadi- 
ness is  mentioned,  the  general  assumption  that  we  mean  turbulence  is  rather  an  under- 
statement of  the  problem.  Every  blade  row  produces  a flow  pattern  around  it  which  is  non 
uniform  even  if  the  flow  were  totally  inviscid,  and  if  we  have  two  blade  rows  moving 
relatively  to  each  other  in  totally  inviscid  flow  we  get  an  interaction  between  these 
two  rows  which  excites  vibration  and  generates  noise.  This  is  because  the  pressure  gra- 
dients, the  .'el  oci  ti  es , etc...,  fluctuate  in  any  blade  row  because  of  the  motion  of  the 
adjacent  row  and  its  associated  potential  flow  field.  Now,  we  have  heard  in  the  discus- 
sion that  the  effect  of  boundary  layer  growth,  secondary  flows,  etc appear  in  some 

complicated  ways  downstream  of  the  row  in  which  they  are  generated.  This  is  right  in 

th;  region  of  unsteadiness  generated  by  the  succeeding  row,  right  in  the  region  where 
the  unsteadiness  is  very  large.  He  have  therefore  boundary  layers,  etc...,  growing  in 
unsteady  flow  situations  with  the  possibility  of  separation,  and  the  mixing  processes 
take  place  in  the  presence  of  insteadiness,  I think  that  we  have  a parameter  which  has 
never  been  seriously  looked  at  The  magnitude  of  this  effect  in  a particular  machine 
is  linked  to  tne  inter  row  blade  spacing  which  is  relevant  parameter  in  designing  a 
machine.  We  normally  decide  the  spacing  on  the  basis  of  vibration,  noise  generation 

and  now  long  you  like  your  shaft  to  be.  It  has  not  been  mentioned  at  all  in  these  two 

days.  However,  it  must  have  an  influence  on  the  mechanism  of  some  of  the  losses  with 
which  we  are  very  concerned,  possibly  even  if  you  get  the  turning  that  you  expect  oi.t 
of 
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It  is  not  a particularly  simple  parameter,  but  it  would  be  quite  possible  to  deduce  a 
non  dimensional  parameter  relating  blade  row  spacing  to  blade  pitch  and  the  relative 
velocity.  I say  it  would  not  be  a very  simple  parameter.  I mention  this  particularly 
because  when  people  have  talked  about  blade  spacing,  they  nearly  always  have  talked 
about  the  ratio  between  blade  spacing  ind  chord.  I would  stress  thut  this  is  a totally 
inadequate  parameter.  p>ut  we  could  deduce  a relevant  parameter.  When  a design  techni- 
que which  is  found  to  work,  say  by  one  particular  firm  in  t.he  context  of  their  particu- 
lar machines,  does  not  work  in  relation  say  to  the  trial  calculation  we  have  been  look- 
ing at  today  or  in  relation  to  other  people's  machines,  it  would  be  informative  to 
compare  the  blade  row  spacings.  The  practice  in  one  firm  may  not  vary  a great  deal, 
they  may  think  they  have  got  a coherent  set  of  data  without  bothering  to  look  at  this 
parameter,  largelly  because  they  do  not  vary  this  parameter.  It  is  my  feeling  that  we 
have  a possible  explanation  for  some  of  our  difficulties  which  is  being  overlooked. 

Mr.  H.  COX  (G.E.C.,  united  Kingdom)  : We  do  include  the  blade  row  spacing  factor  on 
losses.  There  is  plenty  of  data  published  by  the  Russians  on  the  effect  of  blade  row 
spacing  on  turbine  stage  efficiency  from  which  adequate  loss  curves  can  be  derived.  It 
is  only  when  you  get  very  close  spacing  that  you  tend  to  get  much  of  a loss  increase 
and  generally  this  spacing  is  very  much  closer  than  is  required  for  stress  considerations. 
So  in  fact  axial  spacing  becomes  virtually  an  insignificant  loss  parameter. 

Going  back  to  the  question  of  cascade  loss  analysis  versus  correlations  derived  from 
turbine  single  stage  measurements,  I have  the  following  comments. 

First  of  all,  in  cascade,  there  must  be  a turbulence  effect,  and  with  modern  methods  of 
designing  optimized  blading  profiles,  the  danger  is  that  we  will  produce  in  cascade 
large  regions  of  laminar  flow.  In  the  later  stages  of  a turbine,  there  could  be  a level 
of  turbulence  such  as  to  trip  the  laminar  boundary  layer  and  result  in  a significant 
increase  in  loss  over  the  cascade  value. 

What  we  do  not  know  is  the  general  turbulence  level  existing  within  a turbomachine  to 
apply  to  cascade  test.  One  of  the  criticisms  I would  make  of  people  who  have  reported 
on  turbulence  levels  is  that  they  have  all  Quoted  gross  unsteadiness.  This  gross  unstead- 
iness is  made  up  of  two  basic  components  : one  is  pure  random  unsteadiness,  the  other  is 
the  type  of  high  frequency  harmonic  unsteadiness  about  which  effects  Professor  Parker  was 
speaking.  There  is  some  evidence  which  suggests  that  the  boundary  layer  will  not  react 
to  a high  frequency  unsteadiness,  and  if  this  is  so,  only  the  random  component  of  the 
total  signal  is  going  to  affect  the  results.  What  we  need  is  more  measurements  on  turb- 
ulence in  sufficient  detail  such  that  they  can  be  broken  down  to  give  the  pure  random 
component.  We  are  at  present  doing  this,  using  a Fourier  transform  and  use  an  autocor- 
relator to  give  the  spectrum  of  the  random  signal.  I suspect  that  this  turbulence  level 
is  a lot  lower  than  you  think  it  is. 

If  you  decide  that  you  are  not  going  to  use  cascade  data,  but  turbine  stage  data,  then 
you  have  to  determine  how  to  model  the  turbulence  levels  that  exist  in  the  rear  stages 
of  a real  turbine.  I suggest  that  the  turbulence  level  and  spectrum  produced  in  a single 
stage  is  not  good  enough. 


Secondly  we  know  that  the  performance  of  a single  stage  turbine  can  be  modified  when  a 
second  stage  is  put  behind  it.  This  will  lead  to  considerable  difficulties  when  analys- 
ing and  subsequently  correlating  the  aata  and  to  obtain  slightly  improved  loss  correla- 
tions from  multistage  testing  will  require  an  awful  lot  of  development  cost  to  achieve 
it. 
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The  third  point  that  I would  like  to  make  is  that  people  on  the  Panel  have  said  that  the 

thing  to  look  for  is  the  3-0  viscous  effects.  What  makes  the  Panel  think  that  one  will 

o 

be  able  to  calculate  those  effects  when  we  cannot  calculate  2-0  viscous  effects:  There 

is  no  adequate  blade  to  blade  solution  in  2-D  flows  which  will  accurately  compute  the 
velocity  distribution  around  a profile  and  will  accurately  compute  the  outlet  angle. 

There  is  a paper  by  Serovy  in  which  four  different  methods  of  calculating  the  trailing 
edge  conditions  have  been  compared  and  they  all  have  shown  to  give  poor  deviation  correl- 
ations . 

The  problem,  undoubtedly,  is  that  you  have  to  take  into  account  the  circulation  in  the 
wake  in  the  blade  to  blade  calculation.  It  is  known  that  the  correct  circulation  on  an 
isolated  airfoil  cannot  be  obtained  until  this  wake  circulation  effect  is  introduced  and 
if  it  is  required  for  that  case,  it  is  certain  that  we  have  to  put  it  on  for  high  deflect- 
ing blading.  What  I do  not  know  - and  I would  like  to  know  if  anybody  else  does  - is  how 
to  marry  the  boundary  layer  on  the  blade  surface  with  the  wake  just  downstream,  where 
there  is  a first  order  discontinuity  at  the  trailing  edge  in  the  boundary  layer  gradients. 
Essentially,  the  boundary  layers  are  growing  in  thickness  up  to  the  trailing  edge  where 
they  separate.  From  there  on,  due  to  increased  mixing,  the  boundary  layers  tend  to 
decrease  in  thickness.  It  is  at  this  separation  point,  or  indeed  tor  the  whole  base  flow 
region,  that  we  have  Inadequate  theoretical  modelling. 

This,  I think,  is  the  •'  ea  where  people  should  be  working.  If  you  could  get  that  right, 
you  could  drop  most  of  the  cascade  testing  and  simply  compute  the  information.  The 
first  thing  to  do  is  to  concentrate  on  a highly  accurate  2-D  blade  to  blade  method 
before  attempting  to  solve  3-D  effects. 

Mr.  He  KAIN  (Detroit  Diesel  Allison,  USA)  : I do  agree  that  we  need  a blade  to  blade 

solution  with  associated  boundary  layer  calculations.  That,  alonj  with  the  shock 
structure  and  streamtube  shape,  is  the  problem  we  are  all  concerned  with.  Answering  to 
the  criticism  you  were  addressing  to  the  Panel,  I am  saying  that  the  ultimate  is  solving 
the  3-D  viscous  equation.  I also  said  we  cannot  do  it,  yet. 

Dr.  J.  DUNHAM  (NGTE,  United  Kingdom)  : I am  not  too  optimistic  aDout  3-D  viscous 
calculations  at  any  time.  I think  that  we  are  in  a position  now  when  we  need  not  worry 
too  much  about  computer  programs,  but  think  more  carefully  and  devise  more  intelligent 
flow  models  which  will  enable  us  to  do  semi -empirical  simpler  calculations.  One  of  the 
things  that  I have  in  mind  and  has  not  been  mentioned  this  week  is  what  I might  call 
the  Mlkolajczack-Kerrebrock  phenomenon,  i.e.,  blade  wakes  from  preceding  rows  being  swept 
on  the  suction  surface  and  affecting  the  boundary  layer  thickness.  Some  of  these 
phenomena  need  physical  modelling. 

Prof.  J.  CHAUVIN  (von  Karman  Institute  for  Fluid  Dynamics,  Belgium)  : He  all  agree 

on  that.  We  have  the  tools.  He  should  start  thinking  about  how  to  put  these  tools  to 
better  uses,  by  getting  a better  grasp  of  the  things  we  have  neglected  up  to  now.  As 
Professor  Parker,  Dr.  Dunham  and  Mr.  Cox  pointed  out,  unsteady  flows  and  the  like  have 
to  be  taken  into  account. 


Hr.  M.  PIANKO  (P.E.P.  Chairman)  : Au  moment  de  clore  cette  reunion,  je  ne  veux  rien 

ajouter  aux  conclusions  techniques  qui  ont  fete  tirfees  par  la  table  ronde.  Je  voudrais 
surtout  vous  presenter  les  conclusions  que  le  P.E.P.  peut  tirer  de  cette  reunion. 

La  premiere  est  qu'il  semble  qu'elle  ait  §t6  utile,  qu'elle  a int6ress6  tout  le  monde 
et  qu'elle  etait  appropriee.  Le  but  de  cette  reunion  etait  d'abord  de  confronter  les 
outils  de  travail  existants  pour  aider  & la  mise  au  point  des  turbomachines.  Je  crois 
que  tout  le  monde  est  d'accord  pour  voir  qu'il  y a un  grand  besoin  d'outils,  mais  que 
l'outil  actuel  n'est  pas  parfait,  qu'il  peut  et  qu'il  doit  etre  ameiiore.  Le  P.E.P.  se 
propose  de  continuer  1 ‘oeuvre  commune  entreprise  i cl  et  la  maniere  dont  la  continuation 
sera  menee  sera  vraisemblablement  par  un  groupe  de  travail  dont  le  r61e  sera  de  regler 
differents  problemes,  d'ameiiorer  certaines  mfethodes  dont  on  s'est  apergu  aujourd'hui 
qu'elles  n'dtaient  pas  parfaites. 

Le  President  remercie  ensuite  les  organisateurs  de  la  reunion,  les  auteurs,  les  partici- 
pants S la  table  ronde  et  les  interpr&tes,  ainsi  que  le  Dr.  Winterfeld  et  le  DFVLR  pour 
leur  accuei 1 . 
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